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Abstract 
Circadian rhythms are evolutionarily conserved ~24h biological cycles in physiology, metabolism, and 
behaviour, including locomotor activity. Musculoskeletal cells contain cell-autonomous, self-
sustainable circadian clocks; synchronised by a central clock located in the suprachiasmatic nuclei. 
The nuclear lamina underlies the nuclear envelope and consists of type-V intermediate filament 
proteins called lamins. Laminopathies are a spectrum of clinical diseases with a mutation in Lmna, 
often including tissue-specific pathogenesis; musculoskeletal pathology is characterised by muscle 
wasting and cardiac defects. Lamin A is an important regulator of genome organisation, nuclear 
support and tethering of transcription factors, such as those involved in differentiation and stress 
response signalling pathways. Accordingly, in musculoskeletal cells, lamin A is crucial for acute 
responses to mechanical stimulation.  
The aims of this thesis investigated whether the molecular clock and lamin A bi-directionally regulate 
one another in musculoskeletal cells, and whether the circadian clock is responsive to mechanical 
stimuli, and then constructed a mathematical model to begin elucidating potential mechanisms of 
regulation. 
To determine whether lamin A oscillates with a circadian rhythm, circadian time-courses were 
collected from C2C12 myoblasts and myotubes, primary myotubes, and mouse muscle samples. 
Lamin A circadian oscillations were identified in mRNA, protein, and immunocytochemistry time-
course data. To determine whether lamin A exerts feedback regulation on the circadian clock, lamin 
A was manipulated in musculoskeletal cells, and had a direct effect on core clock gene expression. 
siRNA knockdown of lamin A significantly decreased the expression of the core clock genes Per1, 
Per2, Bmal1, and Cry1; overexpression of lamin A increased the expression of core clock genes Per1, 
Per2, and Bmal1, and decreased the expression of Cry1. Furthermore, in response to in vitro strain 
by the Flexcell system, primary myoblasts and C2C12 myotubes demonstrated a decrease in Cry1 
expression, and an increase in Cry1 and Bmal1 expression, respectively. Additionally, Clock gene 
expression was upregulated in Gastrocnemius and Quadricep muscle from mice subject to acute and 
chronic in vivo loading, respectively. Finally, 4 mathematical models were generated to investigate 
potential regulatory feedback pathways that may link the circadian clock and lamin A. 
These results revealed that lamin A oscillates with a circadian rhythm in musculoskeletal tissues, that 
the circadian clock is disrupted in response to lamin A knockdown and overexpression, and that the 
circadian clock is responsive to mechanical strain. Future studies may include deciphering whether 
this mechanism conveys mechanical stimulation and myogenic differentiation signals to the clock, 
and determining if the musculoskeletal clock is disrupted in laminopathy patients. Knowledge of the 
circadian clock and lamin A regulatory mechanisms can direct therapeutic strategies to reset altered 
clocks in patients with musculoskeletal disorders. 
 
3 
 
Acknowledgements 
I would like to thank my supervisors Dr Simon Tew, Dr Vanja Pekovic-Vaughan, Prof. Pete Clegg, and 
Dr Daryl Shanley. Simon, thank you for being kind enough to supervise my work and for providing 
invaluable support and expertise. Vanja, thank you for securing the funding for this project and for 
your intellectual contribution. Pete, thank you for your guidance and encouragement, without it this 
thesis would not have been possible. Daryl, thank you for your help and enthusiasm in developing 
my mathematical model.  
Thank you to the BBSRC DTP for providing the funding for my PhD and for all of the opportunities 
that came with it. 
Thank you to all of the staff and students at IACD who have taken the time to help me during my 
PhD. In particular, thank you to Ben McDermott, Rachel McCormick, and Caroline Staunton for your 
advice on experiments. A special thank you to Niamh Horton and Rhiannon Morgan for always being 
there to listen, for providing countless pep talks, and for keeping me motivated to finish.  
To all of my family and friends, thank you for supporting me throughout my PhD. 
Harry, thank you for your patience and for continuing to keep me smiling when I needed it most.  
Last but not least, I would like to thank my parents and my brother Paul for your love and endless 
support. You believed in me when I was struggling to believe in myself.   
 
I would like to dedicate this thesis to my parents, without your help and encouragement, I never 
would have succeeded.  
 
 
 
 
 
 
 
4 
 
Contents 
 
Abstract ......................................................................................................................................... 2 
Acknowledgements ....................................................................................................................... 3 
Contents ........................................................................................................................................ 4 
List oF Figures ............................................................................................................................... 10 
List of Tables ................................................................................................................................. 16 
Abbreviations ............................................................................................................................... 17 
1 General Introduction ............................................................................................................. 19 
1.1 Lamin A ........................................................................................................................................ 19 
1.1.1 The Nucleus ...................................................................................................................................................... 19 
1.1.2 Lamins .............................................................................................................................................................. 20 
1.1.3 Lamin Binding Proteins ..................................................................................................................................... 24 
1.1.3.1 Emerin ........................................................................................................................................................... 24 
1.1.3.2 Lamin-B Receptor .......................................................................................................................................... 25 
1.1.3.3 Lamin-associated polypeptides ..................................................................................................................... 25 
1.1.3.4 MAN1 ............................................................................................................................................................ 26 
1.1.3.5 Nesprin .......................................................................................................................................................... 26 
1.1.3.6 Why Lamin A? ................................................................................................................................................ 27 
1.1.4 Lamins and disease ........................................................................................................................................... 27 
1.1.4.1 Muscular Dystrophy ...................................................................................................................................... 27 
1.1.4.2 Lipodystrophy ................................................................................................................................................ 28 
1.1.4.3 Peripheral Neuropathy .................................................................................................................................. 28 
1.1.4.4 Hutchinson-Gilford Progeria Syndrome ........................................................................................................ 29 
1.1.4.5 Pathology Progression ................................................................................................................................... 29 
1.2 Function of the Nuclear Lamin A ................................................................................................. 30 
1.2.1 Gene Expression Hypothesis: ........................................................................................................................... 30 
1.2.1.1 Transcription Factor Sequestering................................................................................................................. 30 
1.2.1.2 Cell Cycle Control ........................................................................................................................................... 32 
1.2.1.3 Nuclear-cytoplasmic shuttling of protein ...................................................................................................... 33 
1.2.1.4 Genome Organisation ................................................................................................................................... 34 
1.2.2 Mechanical Stress Hypothesis .......................................................................................................................... 37 
1.2.2.1 Nuclear Fragility – LINC Complex ................................................................................................................... 37 
1.2.2.2 Oxidative Stress ............................................................................................................................................. 38 
1.2.3 Lamin A and the Circadian Clock ...................................................................................................................... 39 
1.3 Circadian Rhythms ...................................................................................................................... 40 
1.3.1 The Circadian clock ........................................................................................................................................... 40 
1.3.2 Circadian Genes ................................................................................................................................................ 41 
1.3.3 Mammalian Circadian Genes ............................................................................................................................ 41 
1.3.3.1 Transcriptional Translational Feedback Loop (TFFL) ..................................................................................... 42 
1.3.3.2 Auxiliary Loops .............................................................................................................................................. 43 
1.3.4 Mammalian Circadian Rhythms ........................................................................................................................ 45 
1.3.5 The SCN ............................................................................................................................................................ 45 
1.3.6 The Timekeeper ................................................................................................................................................ 46 
1.3.7 Circadian Rhythms and Muscle ........................................................................................................................ 47 
1.3.8 Muscle and Clock mutant mice ........................................................................................................................ 49 
1.3.8.1 Clock Δ19/ Δ19 .................................................................................................................................................... 49 
1.3.8.2 Bmal1 -/- ......................................................................................................................................................... 49 
1.3.8.3 Per -/- .............................................................................................................................................................. 49 
1.3.8.4 Cry -/- .............................................................................................................................................................. 50 
1.4 Mechanical Stimulation ............................................................................................................... 50 
1.4.1 Mechanotransduction ...................................................................................................................................... 50 
1.4.2 Responding to Mechanical Stretch ................................................................................................................... 51 
1.4.3 The Response in the Nucleus: Signal Cascades ................................................................................................. 52 
1.4.4 Mechanotransduction in Muscle ...................................................................................................................... 53 
1.4.5 Lamin A and Mechanotransduction ................................................................................................................. 54 
5 
 
1.5 Circadian Dynamics - The missing link ........................................................................................ 55 
1.6 Circadian Dynamics and Lamin A ................................................................................................ 56 
1.6.1 Circadian Dynamics: Gene Expression Hypothesis ........................................................................................... 56 
1.6.2 Circadian Dynamics: Mechanical Stress Hypothesis ......................................................................................... 57 
1.6.3 Circadian lamin A Dynamics: Research Focus ................................................................................................... 57 
1.7 Hypothesis and Aims ................................................................................................................... 58 
1.7.1 Hypothesis ........................................................................................................................................................ 58 
1.7.2 Aims .................................................................................................................................................................. 58 
2. Methods ................................................................................................................................ 59 
2.1 Cell Culture .................................................................................................................................. 59 
2.1.1 Cell Passage ...................................................................................................................................................... 59 
2.1.2 Primary Cell Culture and Tissue Collections ..................................................................................................... 59 
2.1.2.1 Myoblast Isolation ......................................................................................................................................... 59 
2.1.2.2 Tissue Dissections .......................................................................................................................................... 60 
2.1.2.3 Muscle homogenisation ................................................................................................................................ 60 
2.2 Cell Cycle FACS Analysis .............................................................................................................. 60 
2.2.1 Time-course FACS Collections .......................................................................................................................... 60 
2.2.2 FACS Analysis .................................................................................................................................................... 61 
2.3 Immunocytochemistry ................................................................................................................ 62 
2.3.1 Immunocytochemistry sample preparation ..................................................................................................... 62 
2.3.2 Immunocytochemistry imaging and quantification .......................................................................................... 62 
2.4 Gene Expression Analysis ............................................................................................................ 63 
2.4.1 RNA Extraction ................................................................................................................................................. 63 
2.4.2 cDNA Synthesis ................................................................................................................................................. 63 
2.4.3 qRT-PCT ............................................................................................................................................................ 63 
2.4.4 Primer Sequences ............................................................................................................................................. 64 
2.4.5 Primer Efficiencies ............................................................................................................................................ 65 
2.5 Protein Analysis ........................................................................................................................... 67 
2.5.1 Cell culture protein sample preparation .......................................................................................................... 67 
2.5.2 Tissue Protein Extraction .................................................................................................................................. 67 
2.5.3 Western Blotting .............................................................................................................................................. 67 
2.5.3.1 SDS-PAGE Electrophoresis ............................................................................................................................. 67 
2.5.3.2 Protein Transfer ............................................................................................................................................. 67 
2.5.3.3 Antibody Protein detection ........................................................................................................................... 68 
2.6 Genetic Techniques ..................................................................................................................... 69 
2.6.1 siRNA ................................................................................................................................................................ 69 
2.6.1.1 Transient 48-hour siRNA transfection ........................................................................................................... 69 
2.6.1.2 siRNA time-course ......................................................................................................................................... 69 
2.6.2 Plasmid Transfections ....................................................................................................................................... 69 
2.6.2.1 Plasmid Preparation ...................................................................................................................................... 69 
2.6.2.2 Transient 48-hour plasmid transfection ........................................................................................................ 71 
2.6.2.3 Plasmid time-course ...................................................................................................................................... 71 
2.6.2.4 Stable Bmal1::Luc Plasmid transfection ........................................................................................................ 71 
2.6.2.4.1 Kill curve ..................................................................................................................................................... 71 
2.6.2.4.2 Stable Transfection ..................................................................................................................................... 72 
2.6.3 LumiCycle ......................................................................................................................................................... 72 
2.6.3.1 LumiCycle recording ...................................................................................................................................... 72 
2.6.3.2 LumiCycle lamin A siRNA transfection ........................................................................................................... 72 
2.6.3.3 LumiCycle lamin A plasmid transfection ........................................................................................................ 73 
2.6.4 Luciferase Reporter Transfections .................................................................................................................... 73 
2.6.4.1 Luciferase Reporter transfections: lamin A increasing concentration ........................................................... 73 
2.6.4.2 Luciferase Reporter transfections: lamin A, Bmal1 and Clock ....................................................................... 74 
2.6.4.3 Luciferase Reporter transfections: lamin A and Cry1 .................................................................................... 74 
2.6.4.4 Luciferase Reporter transfections: Calculations ............................................................................................ 75 
2.7 Mechanical in vitro loading ......................................................................................................... 75 
2.7.1 Myoblast BioFlex Strain .................................................................................................................................... 75 
2.7.2 Differentiated myotube BioFlex Strain ............................................................................................................. 76 
2.7.3 siRNA BioFlex Strain ......................................................................................................................................... 76 
2.8 Mechanical in vivo loading .......................................................................................................... 76 
2.8.1 In vivo loading................................................................................................................................................... 76 
6 
 
2.8.2 Muscle Analysis ................................................................................................................................................ 78 
2.9 Statistical Tests ............................................................................................................................ 78 
2.9.1 Unpaired t-test ................................................................................................................................................. 78 
2.9.2 One-way ANOVA .............................................................................................................................................. 78 
2.9.3 Two-way ANOVA .............................................................................................................................................. 78 
2.9.4 Cosinor Periodogram circadian analysis ........................................................................................................... 79 
3 Lamin A Oscillates with a Circadian Rhythm at the mRNA and protein level in skeletal muscle
 …………………………………………………………………………………………………………………………………………….80 
3.1 Introduction ................................................................................................................................ 80 
3.1.1 Studying Circadian Rhythms ............................................................................................................................. 80 
3.2 Lamin A ........................................................................................................................................ 81 
3.2.1 A Temporal Role of lamin A .............................................................................................................................. 81 
3.2.2 Circadian Regulation in the Nucleus ................................................................................................................. 82 
3.3 Hypothesis and Aims ................................................................................................................... 83 
3.3.1 Hypothesis ........................................................................................................................................................ 83 
3.3.2 Aims .................................................................................................................................................................. 83 
3.4 Results ......................................................................................................................................... 84 
3.4.1 C2C12 undifferentiated skeletal muscle myoblasts have oscillatory lamin A mRNA expression and protein 
levels ......................................................................................................................................................................... 84 
3.4.1.1 C2C12 myoblasts synchronised with Dexamethasone demonstrate low amplitude oscillations in lamin A 
mRNA expression and protein levels ......................................................................................................................... 84 
3.4.1.2 C2C12 myoblasts synchronised by serum shock demonstrate high amplitude oscillations in lamin A mRNA 
expression and low amplitude protein oscillations ................................................................................................... 88 
3.4.1.3 C2C12 myoblast LMNA rhythmicity can be detected by immunocytochemistry .......................................... 92 
3.4.2 Oscillations in lamin A mRNA expression and protein are not due to changes in the cell cycle ...................... 95 
3.4.2.1 Dexamethasone synchronised C2C12 myoblasts do not show oscillations in cell cycle progression ............ 95 
3.4.2.2 Serum shock synchronised C2C12 myoblasts do not show large oscillations in cell cycle progression ........ 97 
3.4.3 Differentiated myotubes exhibit oscillations in lamin A mRNA expression and protein levels ........................ 99 
3.4.3.1 C2C12 myotubes oscillate with a circadian rhythm in lamin A mRNA and protein ....................................... 99 
3.4.3.2 Primary myotubes isolated from Per2::Luc mice demonstrate oscillations in Lmna mRNA expression ..... 103 
3.4.3.3 Primary myoblast LMNA rhythmicity can be detected by immunocytochemistry ...................................... 107 
3.4.4 Murine muscle samples exhibit free-running circadian oscillations in lamin A mRNA ................................... 111 
3.4.4.1 Time-course data from Dark: Dark murine Gastrocnemius samples have circadian oscillations in lamin A 
mRNA expression .................................................................................................................................................... 111 
3.4.5 Mouse Embryonic Fibroblast (MEF) cells exhibit low amplitude oscillations in lamin A mRNA that are lost 
when the circadian clock is abolished ..................................................................................................................... 114 
3.4.5.1 Circadian time-course data demonstrates that WT MEFs reveal lamin A oscillations that are lost upon 
double knockout of Cry1 and Cry2 .......................................................................................................................... 114 
3.5 Discussion .................................................................................................................................. 119 
3.6 Conclusion ................................................................................................................................. 125 
4 Lamin A regulates the expression of the core circadian clock genes ..................................... 126 
4.1 Introduction .............................................................................................................................. 126 
4.1.1 The Molecular Clock Mechanism ................................................................................................................... 126 
4.1.2 Bidirectional regulation of the Molecular Clock ............................................................................................. 127 
4.2 Nuclear Lamina .......................................................................................................................... 128 
4.2.1 A role for the Nuclear Lamina in Molecular Clock Regulation ........................................................................ 128 
4.3 Hypothesis and Aims ................................................................................................................. 130 
4.3.1 Hypothesis ...................................................................................................................................................... 130 
4.3.2 Aims ................................................................................................................................................................ 130 
4.4 Results ....................................................................................................................................... 131 
4.4.1 Lamin A knockdown in C2C12 myoblasts decreases clock gene expression .................................................. 131 
4.4.1.1 Lamin A knockdown in C2C12 myoblasts using targeted siRNA .................................................................. 131 
4.4.1.2 Lamin A knockdown in C2C12 myoblasts significantly decreases circadian gene expression ..................... 133 
4.4.1.3 Lamin A knockdown is sustained in C2C12 myoblasts after synchronisation for 48 hours ......................... 135 
4.4.1.4 Time-course data from synchronised C2C12 myoblasts reveals that lamin A knockdown supresses rhythmic 
clock gene expression ............................................................................................................................................. 138 
4.4.2 Emerin overexpression in myoblasts with lamin A knockdown increases clock gene expression .................. 140 
4.4.2.1 Simultaneous lamin A knockdown and overexpression of Lamin-binding partner Emerin ......................... 140 
4.4.2.2 Emerin overexpression in C2C12 myoblasts with lamin A knockdown rescues clock gene expression ...... 142 
7 
 
4.4.3 Overexpression of lamin A in C2C12 myoblasts upregulates clock gene expression ..................................... 144 
4.4.3.1 Lamin A overexpression in C2C12 myoblasts .............................................................................................. 144 
4.4.3.2 Lamin A overexpression in C2C12 myoblasts significantly up-regulates clock gene expression ................. 146 
4.4.3.3 Lamin A overexpression is sustained in C2C12 myoblasts after synchronisation for 48 hours ................... 148 
4.4.3.4 Circadian time-course of synchronised C2C12 myoblasts overexpressing lamin A demonstrates an 
upregulation of the core clock genes ...................................................................................................................... 150 
4.4.4 Real-time Bioluminescence imaging of Bmal1::Luc, lamin A up-regulates Bmal1 gene expression ............... 152 
4.4.4.1 C2C12 myoblasts can be stably transfected with Bmal1::Luc plasmid ........................................................ 152 
4.4.4.2 Knockdown of lamin A in C2C12 myoblasts stably transfected with Bmal1::Luc represses Bmal1 expression
 ................................................................................................................................................................................ 155 
4.4.4.3 Overexpressing lamin A in C2C12 myoblasts stably transfected with Bmal1::Luc up-regulates Bmal1 
expression ............................................................................................................................................................... 157 
4.4.5 Luciferase Assays demonstrate Per2::Luc activity is decreased by lamin A ................................................... 159 
4.4.6 Luciferase Assays demonstrate lamin A decreases the activity of Per2::Luc in the presence of BMAL1:CLOCK
 ................................................................................................................................................................................ 161 
4.4.7 Luciferase Assays demonstrate lamin A increase does not change the activity of Bmal1::Luc ...................... 163 
4.4.8 Luciferase Assays demonstrate lamin A does not alter the Cry1 repression of Bmal1::Luc ........................... 165 
4.5 Discussion .................................................................................................................................. 167 
4.6 Conclusion ................................................................................................................................. 172 
5. A role for mechanobiology in regulating the circadian clock in musculoskeletal cells through 
lamin A associated mechanisms? ................................................................................................ 173 
5.1 Introduction .............................................................................................................................. 173 
5.1.1 The Suprachiasmatic Nucleus and Exercise .................................................................................................... 173 
5.1.2 Skeletal muscle peripheral clock and exercise ............................................................................................... 174 
5.1.3 Mechanosensitive Lamins .............................................................................................................................. 175 
5.2 A non-invasive murine joint loading model .............................................................................. 175 
5.2.1 Benefits of an in vivo model ........................................................................................................................... 175 
5.2.2 in vivo loading model ...................................................................................................................................... 176 
5.3 Hypothesis and Aims ................................................................................................................. 177 
5.3.1 Hypothesis ...................................................................................................................................................... 177 
5.3.2 Aims ................................................................................................................................................................ 177 
5.4 Results ....................................................................................................................................... 178 
5.4.1 Clock genes in myoblasts are unchanged in response to in vitro strain ......................................................... 178 
5.4.1.1 In vitro mechanical stimulation of C2C12 myoblasts does not lead to changes in Lmna expression .......... 178 
5.4.1.2 In vitro mechanical stimulation of C2C12 undifferentiated myoblasts does not lead to changes in clock 
gene expression ...................................................................................................................................................... 181 
5.4.1.3 In vitro mechanical stimulation increases Lmna mRNA expression in primary myoblasts .......................... 183 
5.4.1.4 In vitro strain decreases Cry1 mRNA expression in primary myoblasts ....................................................... 186 
5.4.1.5 Real-time Bioluminescent imaging confirms variable response of Bmal1 to 24-hour in vitro strain .......... 188 
5.4.2 Differentiated myotubes produce variable results when subject to in vitro strain ........................................ 189 
5.4.2.1 Differentiated C2C12 myotubes have no change in Lmna expression after in vitro strain ......................... 189 
5.4.2.2 Differentiated C2C12 myotubes have an increase in Cry1 and Bmal1 gene expression after in vitro strain
 ................................................................................................................................................................................ 192 
5.4.2.3 Primary differentiated myotubes subject to in vitro strain have no change in Lmna expression ............... 194 
5.4.2.4 Primary differentiated myotubes have no alterations in circadian gene expression following in vitro strain
 ................................................................................................................................................................................ 197 
5.4.4 Clock gene expression in C2C12 myoblasts with lamin A knockdown is not rescued by in vitro strain ......... 199 
5.4.4.1 Lamin A siRNA knockdown in C2C12 myoblasts, compared to scrambled control, for static and in vitro 
loaded myoblasts .................................................................................................................................................... 199 
5.4.4.2 The expression of Per1 and Per2 are repressed in C2C12 myoblasts with lamin A knockdown under both 
static and loaded conditions ................................................................................................................................... 202 
5.4.5 Acute in vivo loading in murine Gastrocnemius muscle upregulates clock expression .................................. 204 
5.4.5.1 Acute Quadricep loading, no change in Lmna ............................................................................................. 204 
5.4.5.2 Acute Quadricep loading, no change in circadian gene expression ............................................................ 205 
5.4.5.3 Acute Gastrocnemius loading, no change in Lmna ...................................................................................... 207 
5.4.5.4 Acute Gastrocnemius loading, clock upregulation ...................................................................................... 207 
5.4.6 Male murine Quadricep subject to in vivo chronic loading increases clock expression ................................. 209 
5.4.6.1 Male Quadricep chronic loading, no change in Lmna ................................................................................. 210 
5.4.6.2 Male Quadricep chronic loading, Clock upregulation .................................................................................. 210 
5.4.6.3 Chronic loading of male Gastrocnemius, no change in lamin A .................................................................. 212 
5.4.6.4 Chronic loading of male Gastrocnemius, no change in circadian gene expression ..................................... 212 
8 
 
5.4.7 Female Quadricep subject to in vivo chronic loading reveals no change in circadian or Lmna gene expression
 ................................................................................................................................................................................ 214 
5.4.7.1 Chronic loading of female Quadricep, no change in Lmna .......................................................................... 214 
5.4.7.2 Chronic loading of female Quadricep, no change in circadian gene expression ......................................... 215 
5.4.7.3 Chronic loading of female Gastrocnemius, no change in Lmna gene expression........................................ 217 
5.4.7.4 Chronic loading of female Gastrocnemius, no change in circadian gene expression .................................. 218 
5.5 Discussion .................................................................................................................................. 220 
5.6 Conclusion ................................................................................................................................. 227 
6 Mathematical Modelling of lamin A Regulation of the Circadian Clock ................................ 228 
6.1 Mathematical Models ............................................................................................................... 228 
6.1.1 Why use Models? ........................................................................................................................................... 228 
6.1.2 Mathematical Modelling of Circadian Rhythms ............................................................................................. 230 
6.1.3 Circadian Models ............................................................................................................................................ 230 
6.2 Objectives .................................................................................................................................. 231 
6.2.1 Model Objectives ........................................................................................................................................... 231 
6.2.2 Hypothesis ...................................................................................................................................................... 232 
6.3 Model Formulation ................................................................................................................... 233 
6.3.1 CellDesigner .................................................................................................................................................... 233 
6.3.2 COPASI ............................................................................................................................................................ 233 
6.4 Results ....................................................................................................................................... 234 
6.4.1 Model Design.................................................................................................................................................. 234 
6.4.1.1 Model 1: Bidirectional regulation of lamin A and Per.................................................................................. 234 
6.4.1.2 Model 2: lamin A upregulates Per expression ............................................................................................. 235 
6.4.1.3 Model 3: lamin A regulates TF localisation .................................................................................................. 236 
6.4.1.4 Model 4: lamin A regulates TF translocation ............................................................................................... 237 
6.4.2 Model Simulations .......................................................................................................................................... 238 
6.4.2.1 REV-ERBα model.......................................................................................................................................... 238 
6.4.2.2 The circadian clock regulates Lmna ............................................................................................................. 239 
6.4.3 Lamin A Feedback Models .............................................................................................................................. 240 
6.4.3.1 Model 1: Per synthesis Repression .............................................................................................................. 241 
6.4.3.2 Model 1: Per Repression, lamin A Overexpression ...................................................................................... 242 
6.4.3.3 Model 1: Per Repression, lamin A Knockout ............................................................................................... 243 
6.4.3.4 Model 2: Per synthesis Upregulation .......................................................................................................... 244 
6.4.3.5 Model 2: Per Upregulation, lamin A Overexpression .................................................................................. 245 
5.4.3.6 Model 2: Per Upregulation, lamin A Knockout ............................................................................................ 246 
6.4.3.7 Model 3: PER:CRY sequestering .................................................................................................................. 247 
6.4.3.8 Model 3: PER:CRY sequestering, lamin A Overexpression ........................................................................... 248 
6.4.3.9 Model 3: PER:CRY sequestering, lamin A Knockout .................................................................................... 249 
6.4.3.10 Model 4: PER:CRY translocation regulation ............................................................................................... 250 
6.4.3.11 Model 4: Regulate PER:CRY translocation, lamin A Overexpression ......................................................... 251 
6.4.3.12 Model 4: PER:CRY translocation regulation, lamin A Knockout ................................................................. 252 
6.5 Model Evaluation- Model Output to Data set........................................................................... 253 
6.6 Discussion .................................................................................................................................. 255 
6.7 Conclusion ................................................................................................................................. 259 
7 General Discussion ................................................................................................................... 260 
7.1 Summary of Main Findings ........................................................................................................ 260 
7.2 General Discussion of the Data Presented ................................................................................ 261 
7.2.1 Rhythmic Lmna in musculoskeletal cells. ....................................................................................................... 261 
7.2.2 Lamin A and molecular clock regulation......................................................................................................... 263 
7.2.3 The clock and mechanobiology ...................................................................................................................... 264 
7.2.4 Mathematical models to direct laminopathy and circadian biology research ............................................... 265 
7.3 Clinical Relevance ...................................................................................................................... 267 
7.4 Limitations ................................................................................................................................. 267 
7.5 Future Studies ........................................................................................................................... 268 
7.5.1 Lamin A is a CCG ............................................................................................................................................. 269 
7.5.2 Lamin A and Circadian Feedback Regulation .................................................................................................. 269 
7.5.3 Lamin A, Mechanobiology and the Clock ....................................................................................................... 270 
8 References ............................................................................................................................... 272 
9 
 
9 Appendix ................................................................................................................................. 301 
9.1 Model 1: lamin A repress Per ODEs .......................................................................................... 302 
9.2 Model 2: lamin A upregulate Per ODEs ..................................................................................... 305 
9.3 Model 3: lamin A regulate PER:CRY localisation ODEs ............................................................. 308 
9.4 Model 4: lamin A regulate PER:CRY translocation ODEs .......................................................... 312 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 
 
List of Figures 
Figure 1.1. Schematic diagram of the nuclear envelope and the nuclear pore. ................................ 19 
Figure 1.2. Diagram of lamin intermediate filament formation from lamin monomers. .................... 22 
Figure 1.3. Schematic diagram of post-translational modifications to pre-lamin A to produce mature 
lamin A protein. ............................................................................................................................. 23 
Figure 1.4. Schematic diagram of the molecular interactions between the core clock components 
involved in the interlocked feedforward/feedback loop. ................................................................. 43 
Figure 1.5. Diagram of the hierarchical structure of circadian rhythm synchronisation incorporating 
entrainment of peripheral clocks and the SCN by food uptake and exercise. ................................... 48 
Figure 2.1. The stages in the cell cycle of chromosome replication and the correlation with FACS cell 
cycle analysis peaks. ...................................................................................................................... 61 
Figure 2.2. The Pfaffl Equation used to calculate gene ratio changes between a control and a sample, 
normalised to a reference gene ..................................................................................................... 65 
Figure 2.3 qRT-PCR of serial diluted cDNA with primer pairs to determine Primer Efficiency. ........... 66 
Figure 2.4. Assembly order of transfer sandwich components required for the Western blot wet 
transfer method. ........................................................................................................................... 68 
Figure 2.5. Schematic diagram depicting Flexcell vacuum induced strain of BioFlex membrane. ...... 75 
Figure 2.6. Schematic diagram of loading model, the loading cycle, and outline of the acute and 
chronic loading protocols. .............................................................................................................. 77 
Figure 3.1. Circadian time-course of gene expression in Dexamethasone synchronised C2C12 
myoblasts, demonstrate oscillation in Lmna expression. ................................................................. 85 
Figure 3.2. Representative Western blot images and protein densitometry traces of circadian time-
course in Dexamethasone synchronised C2C12 myoblasts, demonstrates oscillatory LMNA. ........... 86 
Figure 3.3. Circadian time-course of gene expression in serum shock synchronised C2C12 myoblasts, 
demonstrate oscillation in Lmna expression. .................................................................................. 89 
Figure 3.4. Representative Western blot images and protein densitometry traces of circadian time-
course in serum shock synchronised C2C12 myoblasts, demonstrates rhythmic LMNA. ................... 90 
Figure 3.5. Representative images of circadian time-course immunocytochemistry in serum shock 
synchronised C2C12 myoblasts, fixed every 4 hours between A. 24-36 and B. 40-48 hours. ............. 93 
Figure 3.6. Representative imagines of C2C12 myoblast primary negative control. .......................... 94 
Figure 3.7. Relative Integrated Density of circadian time-course immunocytochemistry in serum 
shock synchronised C2C12 myoblasts, demonstrates oscillation in LMNA fluorescence. .................. 94 
Figure 3.8. Representative traces of circadian time-course FACS Cell Cycle analysis in 
Dexamethasone synchronised C2C12 myoblasts, showing consistent percentages across 24 hours. . 96 
Figure 3.9. Circadian time-course FACS analysis in Dexamethasone synchronised C2C12 myoblasts, 
showing consistent percentages in each phase across 24 hours. ..................................................... 96 
Figure 3.10. Representative traces of circadian time-course FACs Cell Cycle analysis in serum shock 
synchronised C2C12 myoblasts, showing consistent percentages across 24 hours. .......................... 98 
Figure 3.11. Circadian time-course FACS analysis in serum shock synchronised C2C12 myoblasts, 
showing consistent percentages in each phase across 24 hours. ..................................................... 98 
11 
 
Figure 3.12. Circadian time-course of gene expression in serum shock synchronised C2C12 
myotubes, demonstrate circadian oscillations in Lmna expression. ............................................... 100 
Figure 3.13. Representative Western blot images and protein densitometry traces of circadian time-
course in serum shock synchronised C2C12 myotubes, demonstrates oscillations in LMNA. .......... 101 
Figure 3.14. Primary myotubes isolated from Per2::Luc mice and differentiated for 7 days. ........... 103 
Figure 3.15. Circadian time-course of gene expression in serum shock synchronised Per2::Luc 
primary myotubes, demonstrate oscillations in Lmna expression. ................................................. 104 
Figure 3.16. Representative Western blot images and protein densitometry traces of circadian time-
course in serum shock synchronised Per2::Luc primary myotubes, demonstrates oscillations in 
LMNA. ......................................................................................................................................... 105 
Figure 3.17. Representative images of circadian time-course immunocytochemistry in serum shock 
synchronised Per2::Luc primary myoblasts fixed every 4 hours between A. 24-36 and B. 40-48 hours.
 ................................................................................................................................................... 109 
Figure 3.18. Representative Images of Primary Per2::Luc myoblasts primary negative control. ...... 110 
Figure 3.19. Relative Integrated Density of circadian time-course immunocytochemistry in serum 
shock synchronised Primary myoblasts, demonstrates oscillation in LMNA fluorescence. .............. 110 
Figure 3.20. Circadian time-course of gene expression in Gastrocnemius muscle from wild-type 
C57/BL6 mice collected in dark: dark conditions, demonstrate oscillations in Lmna expression. ..... 112 
Figure 3.21. Circadian time-course of gene expression in serum shock synchronised WT and Cry1 and 
2 knockout MEFs, demonstrate oscillations in Lmna expression in WT MEFs that is lost with Cry 
double knockout.......................................................................................................................... 115 
Figure 3.22. Representative Western blot images and protein densitometry traces of circadian time-
course in serum shock synchronised WT and CRY1 and 2 -/- MEF cells, demonstrates oscillations in 
LMNA in WT MEFs that is lost on Cry double knockout. ................................................................ 116 
Figure 4.1. Lamin A knockdown in C2C12 myoblasts transfected with validated lamin A siRNA 
compared to scrambled control. .................................................................................................. 131 
Figure 4.2. Representative Western blot images and protein densitometry analysis of lamin A protein 
expression in C2C12 myoblasts transfected with lamin A siRNA or scrambled control, demonstrates a 
knockdown of LMNA. .................................................................................................................. 132 
Figure 4.3. Circadian clock gene expression in C2C12 myoblasts transfected with lamin A siRNA 
compared to scrambled control. .................................................................................................. 134 
Figure 4.4. Circadian time-course of lamin A expression in Dexamethasone synchronised C2C12 
myoblasts transfected with validated lamin A siRNA or scrambled control, demonstrates sustained 
knockdown of Lmna expression. .................................................................................................. 136 
Figure 4.5. Representative Western blot images and protein densitometry analysis of circadian time-
course in synchronised C2C12 myoblasts transfected with lamin A siRNA or scrambled control. .... 137 
Figure 4.6. Circadian time-course of clock gene expression in Dexamethasone synchronised C2C12 
myoblasts with a sustained knockdown of lamin A compared to scrambled control. ...................... 139 
Figure 4.7. Simultaneous knockdown of lamin A expression and overexpression of Emerin in C2C12 
myoblasts. ................................................................................................................................... 141 
Figure 4.8. Circadian clock gene expression in C2C12 myoblasts transfected with lamin A siRNA and 
either Emerin or GFP-only control plasmids. ................................................................................. 143 
12 
 
Figure 4.9. Lamin A overexpression in C2C12 myoblasts transfected with lamin A plasmid or pcDNA3 
control. ....................................................................................................................................... 144 
Figure 4.10. Representative Western blot images and protein densitometry analysis of C2C12 
myoblasts transfected with lamin A plasmid or pcDNA3 control. ................................................... 145 
Figure 4.11. Circadian clock gene expression in C2C12 myoblasts transfected with lamin A plasmid or 
pcDNA3 control. .......................................................................................................................... 147 
Figure 4.12. Circadian time-course of lamin A gene expression in Dexamethasone synchronised 
C2C12 myoblasts transfected with lamin A or pcDNA3 plasmids. .................................................. 148 
Figure 4.13. Representative Western blot images and protein densitometry analysis of circadian 
time-course in Dexamethasone synchronised C2C12 myoblasts transfected with lamin A or pcDNA3 
plasmids. ..................................................................................................................................... 149 
Figure 4.14. Circadian time-course of clock gene expression in Dexamethasone synchronised C2C12 
myoblasts overexpressing lamin A. .............................................................................................. 151 
Figure 4.15. C2C12 cells left as a control or treated with an increasing concentration of Hygromycin 
(100µg/mL – 1mg/mL), and imaged between day 0 and day 5. ...................................................... 153 
Figure 4.16. Real-time bioluminescent imaging of C2C12 myoblasts with stable transfection of 
Bmal1::Luc plasmid, synchronised with Dexamethasone and after two days – at time 2.2, 
resynchronised with Dexamethasone. .......................................................................................... 154 
Figure 4.17. Real-time bioluminescent imaging of C2C12 myoblasts with stable transfection of 
Bmal1::Luc plasmid, synchronised with serum shock and after two days – at time 2.2, resynchronised 
with serum shock. ....................................................................................................................... 154 
Figure 4.18. Real-time bioluminescent imaging of C2C12 cells with stable transfection of Bmal1::Luc 
plasmid and subsequent transfection with lamin A siRNA. ............................................................ 156 
Figure 4.19. Real-time bioluminescent imaging of C2C12 myoblasts with stable transfection of 
Bmal1::Luc plasmid and subsequently transfected with lamin A plasmid. ...................................... 158 
Figure 4.20. Dual luciferase reporter assay of 3T3 cells transfected with Per2::Luc reporter plasmid 
and an increasing concentration of lamin A plasmid. .................................................................... 160 
Figure 4.21. Dual luciferase reporter assay of 3T3 cells transfected with Per2::Luc reporter plasmid, 
Bmal1 and Clock, and lamin A plasmids. ....................................................................................... 162 
Figure 4.22. Dual luciferase reporter assay of 3T3 cells transfected with Bmal1::Luc reporter plasmid 
and an increasing concentration of lamin A plasmid. .................................................................... 164 
Figure 4.23. Dual luciferase reporter assay of 3T3 cells transfected with Bmal1::Luc reporter plasmid, 
Cry1, and lamin A plasmids. ......................................................................................................... 166 
Figure 5.1. C2C12 myoblasts seeded onto laminin coated Bioflex plates loaded on the Flexcell 
machine, demonstrating loading has no effect on C2C12 viability. ................................................ 178 
Figure 5.2. Lamin A gene expression in C2C12 myoblasts loaded on the Flexcell machine for 24 hours 
at 6.66% strain, demonstrate no change in Lmna expression compared to static control. .............. 179 
Figure 5.3. Representative Western blot images and densitometry analysis of lamin A protein 
expression in C2C12 myoblasts loaded on the Flexcell machine for 24 hours at 6.66% strain, 
demonstrates no change in LMNA................................................................................................ 180 
Figure 5.4. Circadian clock gene expression in C2C12 myoblasts loaded on the Flexcell machine for 
24 hours at 6.66% strain, demonstrate no change in expression. .................................................. 182 
13 
 
Figure 5.5. Per2::Luc primary myoblasts seeded onto laminin coated Bioflex plates loaded on the 
Flexcell machine, demonstrate no change to primary myoblast viability. ....................................... 183 
Figure 5.6. Lamin A gene expression in Per2::Luc primary myoblasts loaded on the Flexcell machine 
for 24 hours at 6.66% strain, demonstrate Lmna expression upregulation. .................................... 184 
Figure 5.7. Representative Western blot images and densitometry analysis of lamin A protein 
expression in Per2::Luc primary myoblasts loaded for 24 hours on the Flexcell machine at 6.66% 
strain, demonstrates no change in LMNA. .................................................................................... 185 
Figure 5.8. Circadian gene expression in primary myoblasts isolated from Per2::Luc mice and loaded 
for 24 hours on the Flexcell machine at 6.66% strain, demonstrate Cry1 repression. ..................... 187 
Figure 5.9 Real-time bioluminescent imaging of Bmal1::Luc myoblasts loaded on the Flexcell for 24 
hours at 6.66% strain compared to the static control, demonstrate variable response to strain. .... 188 
Figure 5.10. C2C12 myoblasts seeded onto Bioflex plates and differentiated into myotubes for 10 
days, myotubes are highlight with red arrows, demonstrate no change in myotube viability. ........ 189 
Figure 5.11. Lamin A gene expression in differentiated C2C12 myotubes loaded for 24 hours at 
6.66% strain on the Flexcell machine, demonstrate no change in Lmna expression. ....................... 190 
Figure 5.12. Representative Western blot images and densitometry analysis of lamin A protein 
expression in differentiated C2C12 myotubes loaded for 24 hours on the Flexcell machine, 
demonstrates no change in LMNA................................................................................................ 191 
Figure 5.13. Circadian clock gene expression in C2C12 differentiated myotubes loaded at 6.66% 
strain on the Flexcell machine, demonstrates upregulation of Bmal1 and Cry1 expression. ............ 193 
Figure 5.14. Primary myoblasts seeded onto Bioflex plates and differentiated into myotubes for 10 
days, myotubes highlighted by red arrows and demonstrate no loss in viability. ............................ 194 
Figure 5.15. Lamin A gene expression in primary differentiated myotubes loaded for 24 hours on the 
Flexcell machine at 6.66% strain, demonstrate no change in Lmna expression. ............................. 195 
Figure 5.16. Representative Western blot images and densitometry analysis of lamin A protein 
expression in differentiated primary myotubes loaded for 24 hours on the Flexcell machine at 6.66% 
strain, demonstrates LMNA increase. ........................................................................................... 196 
Figure 5.17. Circadian gene expression in Per2::Luc differentiated myotubes loaded for 24 hours on 
the Flexcell machine at 6.66% strain, demonstrate no change in expression. ................................. 198 
Figure 5.18. Lamin A gene expression in C2C12 myoblasts transfected with lamin A siRNA or 
scrambled control, and loaded on the Flexcell machine for 24 hours or left static as a control, 
demonstrate Lmna expression is decreased with lamin A siRNA transfection and strain. ............... 200 
Figure 5.19. Representative Western blot images and densitometry analysis of lamin A protein 
expression in C2C12 myoblasts transfected with lamin A siRNA or scrambled control and either 
loaded on the Flexcell machine for 24 hours at 6.66% strain or left static as a control, LMNA protein 
decrease with lamin A siRNA transfection and strain. ................................................................... 201 
Figure 5.20. Circadian clock gene expression in C2C12 myoblasts transfected with lamin A siRNA or 
scrambled control and loaded for 24 hours on the Flexcell compared to static control. ................. 203 
Figure 5.21. Lamin A gene expression in Quadricep samples from WT male mice subject to acute in 
vivo loading, no change in Lmna expression. ................................................................................ 204 
Figure 5.22. Circadian clock gene expression in Quadricep samples from WT male mice subject to 
acute in vivo loading, no change in expression. ............................................................................. 206 
14 
 
Figure 5.23. Lamin A gene expression in Gastrocnemius from WT male mice subject to acute in vivo 
loading, no change in Lmna expression. ....................................................................................... 207 
Figure 5.24. Circadian clock gene expression in Gastrocnemius samples from WT male mice subject 
to acute in vivo loading, demonstrate Clock gene upregulation. .................................................... 208 
Figure 5.25. Lamin A gene expression in Quadricep from male WT mice subject to chronic in vivo 
loading protocol, no change in Lmna expression. .......................................................................... 210 
Figure 5.26. Circadian clock gene expression in Quadricep samples from male WT mice subject to 
chronic in vivo loading protocol, demonstrate Clock upregulation. ................................................ 211 
Figure 5.27. Lamin A gene expression in Gastrocnemius from male WT mice subject to chronic in vivo 
loading protocol, no change in Lmna expression. .......................................................................... 212 
Figure 5.28. Circadian clock gene expression in Gastrocnemius samples from male WT mice subject 
to chronic in vivo loading protocol, no change in expression. ........................................................ 213 
Figure 5.29. Lamin A gene expression in Quadricep from female WT mice subject to chronic in vivo 
loading protocol, no change in Lmna expression. .......................................................................... 214 
Figure 5.30. Circadian clock gene expression in Quadricep samples from female WT mice subject to 
chronic in vivo loading protocol, no change in expression. ............................................................ 216 
Figure 5.31. Lamin A gene expression in Gastrocnemius from female WT mice subject to chronic in 
vivo loading protocol, no change in Lmna expression. ................................................................... 217 
Figure 5.32. Circadian clock gene expression in Gastrocnemius samples from female WT mice subject 
to chronic in vivo loading protocol, no change in expression. ........................................................ 219 
Figure 6.1 Schematic diagram demonstrating the process of model formation using experimental 
data in order to validate and improve conceptual models ............................................................. 229 
Figure 6.2. Schematic diagram of the interactions modelled in the Leloup and Goldbeter 
mathematical model .................................................................................................................... 231 
Figure 6.3. Cell Designer regulatory network for Model 1, lamin A is under clock control, through 
positive regulation by BMAL:CLOCK, and negatively regulates Per transcription. ........................... 234 
Figure 6.4. Cell Designer regulatory network for Model 2, lamin A is under clock control, through 
positive regulation by BMAL:CLOCK, and positively regulates Per transcription. ............................ 235 
Figure 6.5. Cell Designer regulatory network for Model 3, lamin A is under clock control, through 
positive regulation by BMAL:CLOCK, and binds to PER:CRY complex in the nucleus to tether it to the 
nuclear periphery. ....................................................................................................................... 236 
Figure 6.6. Cell Designer regulatory network for Model 4, lamin A is under clock control, being 
positively regulated by BMAL:CLOCK, and negatively regulates the translocation of PER:CRY into the 
nucleus. ...................................................................................................................................... 237 
Figure 6.7. Gene expression simulations of the Leloup and Goldbeter Model (Supplementary Figure 
8; Leloup and Goldbeter, 2003). ................................................................................................... 238 
Figure 6.8 COPASI mRNA concentration for the Leloup and Goldbeter model with lamin A 
incorporated over 72 hours. ........................................................................................................ 239 
Figure 6.9 COPASI protein concentration for the Leloup and Goldbeter model with lamin A 
incorporated over 72 hours. ........................................................................................................ 240 
Figure 6.10. mRNA traces and protein concentrations in Model 1, lamin A repressing Per synthesis.
 ................................................................................................................................................... 241 
15 
 
Figure 6.11. mRNA traces and protein concentrations in Model 1 with lamin A overexpression and 
50% overexpression, lamin A repressing Per synthesis. ................................................................. 242 
Figure 6.12. mRNA traces and protein concentrations in Model 1 with lamin A knockout and 50% 
knockdown, lamin A repressing Per synthesis. .............................................................................. 243 
Figure 6.13. mRNA traces and protein concentrations in Model 2, lamin A upregulating Per synthesis.
 ................................................................................................................................................... 244 
Figure 6.14. mRNA traces and protein concentrations in Model 2 with lamin A overexpression and 
50% overexpression, lamin A upregulating Per synthesis............................................................... 245 
Figure 6.15. mRNA traces and protein concentrations in Model 2 with lamin A knockout and 50% 
knockdown, lamin A upregulating Per synthesis ........................................................................... 246 
Figure 6.16. mRNA traces and protein concentrations in Model 3, lamin A sequestering PER:CRY 
complex within the nucleus. ........................................................................................................ 247 
Figure 6.17. mRNA traces and protein concentrations in Model 3 with lamin A overexpression and 
50% overexpression, sequestering PER:CRY complex within the nucleus. ...................................... 248 
Figure 6.18. mRNA traces and protein concentrations in Model 3 with lamin A knockout and 50% 
knockdown, sequestering PER:CRY complex within the nucleus. ................................................... 249 
Figure 6.19. mRNA traces and protein concentrations in Model 4, lamin A regulating PER:CRY 
translocation from the cytoplasm into the nucleus. ...................................................................... 250 
Figure 6.20. mRNA traces and protein concentration in Model 4 with lamin A overexpression and 
50% overexpression, regulating PER:CRY translocation. ................................................................ 251 
Figure 6.21. mRNA traces and protein concentration in Model 4 with lamin A knockout and 50% 
knockdown, regulating PER:CRY translocation. ............................................................................. 252 
 
 
 
 
 
 
 
 
 
16 
 
List of Tables 
Table 2.1. Primer Sequences used in all studies. ............................................................................. 64 
Table 2.2. Plasmids used in gain-of function studies. ...................................................................... 70 
Table 3.1. Dexamethasone synchronised qRT-PCR Cosinor Periodogram circadian analysis ............. 87 
Table 3.2. Dexamethasone synchronised LMNA western blot Cosinor Periodogram circadian analysis
 ..................................................................................................................................................... 87 
Table 3.3. Serum shock synchronised qRT-PCR Cosinor Periodogram circadian analysis ................... 91 
Table 3.4. Serum shock synchronised LMNA western blot Cosinor Periodogram circadian analysis .. 91 
Table 3.5. Immunocytochemistry Cosinor Periodogram circadian analysis....................................... 94 
Table 3.6. Dexamethasone synchronised FACS Cosinor Periodogram analysis ................................. 95 
Table 3.7. Serum shock synchronised FACS Cosinor Periodogram circadian analysis ........................ 97 
Table 3.8. C2C12 Myotubes qRT-PCR Cosinor Periodogram circadian analysis ............................... 102 
Table 3.9. C2C12 Myotubes LMNA western blot Cosinor Periodogram circadian analysis ............... 102 
Table 3.10. Per2::Luc myotubes qRT-PCR Cosinor Periodogram circadian analysis ......................... 106 
Table 3.11. Per2::Luc myotubes LMNA Western blot Cosinor Periodogram circadian analysis ........ 106 
Table 3.12. Primary myoblast immunocytochemistry Cosinor Periodogram analysis ...................... 110 
Table 3.13. Gastrocnemius time-course qRT-PCR Cosinor Periodogram circadian analysis ............. 113 
Table 3.14. WT and double CRY-/- MEF qRT-PCR Cosinor Periodogram circadian analysis .............. 117 
Table 3.15. WT and double CRY-/- MEF LMNA western blot Cosinor Periodogram circadian analysis
 ................................................................................................................................................... 117 
Table 4.1. Lamin A manipulation in C2C12 myoblasts Experimental Data Summary. ...................... 169 
Table 4.2 Dual Reporter Assays of 3T3 cells Experimental Data Summary. ..................................... 170 
Table 5.1 Flexcell loading Experimental Data Summary. ................................................................ 224 
Table 5.2 In vivo loading model Experimental Data Summary. ...................................................... 226 
Table 6.1 Summary of Circadian clock gene expression in response to lamin A manipulation for 
Models 1-4. ................................................................................................................................. 253 
Table 9.1. Variables within the ODE equations and the concentration represented by each variable.
 ................................................................................................................................................... 301 
 
 
 
 
 
17 
 
Abbreviations 
Ankrd2 Ankyrin repeat protein 2 
BAF  Barrier-to-autointegration factor  
bHLH     Basic helix-loop-helix 
Bmal1      Brain and Muscle Arnt-Like 1 
BOS  Buschke-Ollendorff syndrome 
CLC  Cardiolipin-Like Cytokine  
Cry     Cryptochrome 
CT  Circadian Time 
CTCF  CCCTC-binding factor 
DAPI  4′,6-diamidino-2-phenylindole 
DCM   Dilated cardiomyopathy 
DCM-CD Dilated cardiomyopathy with conduction defects 
Dex  Dexamethasone 
DMEM  Dulbecco’s Modified Eagle's Medium 
DSPS  Delayed Sleep Phase Syndrome 
ECM  Extracellular Matrix 
EDMD  Emery Dreifuss Muscular Dystrophy 
ERK  Extracellular Regulated Kinases 
FA  Focal Adhesion 
FACs  Fluorescence Activated Cell Sorting 
FAK  Focal Adhesion Kinase 
FASPS  Familial Advanced Sleep-Phase Syndrome 
FBS  Foetal Bovine Serum 
FPLD  Familial Partial Lipodystrophy  
FTase  Farnesyltransferase  
GHT      Geniculohypothalamic tract 
HGPS  Hutchinson-Gilford Progeria Syndrome 
HS  Horse Serum 
Icmt  Isoprenylcysteine carboxyl methyltransferase 
IGL     Intergeniculate leaflet 
JNK   c-Jun NH2-terminal Kinases  
KASH  Klarsicht, ANC-1, and Syne Homology 
L-Glu  L-Glutamine  
LADs  Lamina-Associated Domains 
LAP  Laminin-associated polypeptides 
LBR  Lamin-B Receptor 
LEM  LAP2β-Emerin-MAN1 
LGMD 1B Limb girdle muscular dystrophy type 1B  
MAP  Mitogen-Activated Protein 
MEF  Mouse Embryonic Fibroblasts 
MR  Midbrain Raphe Nucleus 
mRNA  Messenger RNA 
MSC  Mesenchymal Stem Cell 
NETs  Nuclear Envelope Transmembrane proteins  
18 
 
NLS  Nuclear Localisation Signal 
NPC  Nuclear Pore Complex 
NPY     Neuropeptide Y 
Nups  Nucleoporin proteins  
PARP1  Poly [ADP-ribose] Polymerase 1  
PAS     Period-Arnt-Single-Minded 
Pen/Strep Penicillin/Streptomycin 
Per     Period 
PBS  Phosphate Buffered Saline 
PFA  Paraformaldehyde 
qRT-PCR Quantitative Real-Time PCR 
Rb  Retinoblastoma protein  
RHT      Retinohypothalamic tract 
RNAi  RNA interference 
ROS  Reactive Oxygen Species 
SCN     Suprachiasmatic Nucleus 
siRNA  Small interfering RNA 
SREBP1 Sterol Response Element-Binding Protein 1 
SRF  Serum Response Factor 
SUN  Sad1 and UNC-84 
TGF-β  Transforming growth factor-beta  
TTFL  Transcriptional Translational Feedback Loop 
VIP      Vasoactive Intestinal Peptide 
ZT  Zeitgeber Time 
 
 
 
 
 
 
 
 
  
19 
 
1 General Introduction 
1.1 Lamin A 
1.1.1 The Nucleus  
Within eukaryotic cells, chromatin is packaged and organised into the nucleus, a membrane 
enclosed organelle, separating nucleic and cytoplasmic functions. Prokaryotic cells do not contain a 
nucleus; the evolution of this organelle was likely due to the increasing genome size of more 
complex organisms, which led to a requirement for further regulation and organisation (Newport 
and Forbes, 1987). The nuclear envelope is the membrane that surrounds the nucleus, acting as a 
partition; it also has a wider role, through meditating cytoplasmic and nuclear interactions, it can 
regulate functions within each compartment. The nucleus is connected to the cytoplasm through 
nuclear pores which regulate nuclear entry and exit. 
Figure 1.1. Schematic diagram of the nuclear envelope and the nuclear pore. 
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The cell nucleus is composed of nucleoplasm and is surrounded by a nuclear envelope that consists 
of four elements, shown in Figure 1.1: the inner nuclear membrane, outer nuclear membrane, 
nuclear pores, and the underlying nuclear lamina (Callan and Tomlin, 1950; Fawcett, 1966). The 
inner and outer nuclear membranes are phospholipid bilayers, which are separated from one 
another by the perinuclear cisternal space, roughly 30-50 nm in size. The outer nuclear membrane 
has ribosomes attached to its cytoplasmic surface and is continuous with the endoplasmic reticulum. 
The perinuclear space, of the inner and outer nuclear membrane, is continuous with the lumen of 
the endoplasmic reticulum.  
Within the nucleus there are sub-compartments that localise the nuclear machinery for processes 
such as transcription and DNA replication, creating microenvironments specific for these essential 
functions. In 1885, experiments visualising interphase chromosomes in the salamander larvae first 
documented that chromosomes maintain individuality and occupy distinct territories (Rabl, 1885). 
Further research in 1888 and 1909 involving experiments with Ascaris megalocephala supported the 
individuality of chromosomes and also noted that the telomeres of chromosomes associate with the 
nuclear envelope (Boveri, 1888; Boveri, 1909). These observations on the interphase order of 
chromosomes were later confirmed in Chinese hamster fibroblasts, through utilising premature 
chromosome condensation and microirradiation with pulse-labelling in G1 (Cremer, et al., 1982). 
This research demonstrated that organisation within the nucleus is non-random; underpinning 
further research into the spatial organisation of chromosomes and what importance this may play in 
nuclear activities, such as transcriptional regulation.  
1.1.2 Lamins 
Lamins were first identified in 1975 and it was realised that they acted as structural proteins within 
the nucleus, organising into a meshwork of fibres roughly 15-20 nm thick called the nuclear lamina. 
Lamins are very closely associated with the inner nuclear membrane and are attached to both 
chromatin and the periphery of the nuclear pores (Aaronson and Blobel, 1975; Gerace, et al., 1978; 
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Paddy, et al., 1990). They are type V intermediate filament proteins and are classified into two 
subgroups, A-type or B-type, based on both biochemical properties and their primary sequences 
(Franke, 1987; Nigg, 1989). Like all proteins of the intermediate filament family, lamins are 
composed of three well-conserved domains: Head (NH2-terminal), Rod, and Tail (C-terminal) 
(Hanukoglu and Fuchs, 1982; Fisher, Chaudhary, and Blobel, 1986; Krohne, et al., 1987). The Head 
domain is globular, positively charged, and much shorter in lamins compared to other intermediate 
filaments. The Rod domain is composed of four α-helical coiled coil domains – coils 1A, 1B, 2A, and 
2B, which represent the structural hallmarks of intermediate filament proteins and are separated by 
linker regions – L1, L12, and L2 (Conway and Parry, 1990). The Tail domain is globular and contains a 
Nuclear Localisation Signal (NLS), an s-type immunoglobulin (Ig) fold motif, and a CaaX (Cysteine-
aliphatic-aliphatic- any amino acid) motif at the carboxyl-terminal end (Clarke, et al., 1988; Dhe-
Paganon, et al., 2002). The tail domain is larger in lamins in comparison with other intermediate 
filament proteins, is highly positively charged, and is involved in binding to nuclear membrane and 
inner nuclear membrane binding proteins (Senior and Gerace, 1988; Belmont, et al., 1993).  
It was first characterised in amphibian oocytes that Lamin proteins form higher-order polymers. 
Monomers of Lamin dimerise in a parallel formation through coiling of the α-helical coiled coil, 
located in the rod domain, and head-to-tail association of two or more dimers results in the 
formation of polymers (Aebi, et al., 1986; Strelkov, et al., 2004). Protofilaments are produced 
through the anti-parallel association of two polymers, and a complete intermediate filament is 
formed by three or four protofilaments associating and layering together, depicted in Figure 1.2 
(Ben-Harush, et al., 2009). 
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Figure 1.2. Diagram of Lamin intermediate filament formation from lamin monomers. 
 
There are three Lamin genes in mammals: Lmna, Lmnb1, and Lmnb2, which each encode major and 
minor isoforms. A-type lamins are encoded by Lmna; located on chromosome 1q21.1-1q21.3, 
spanning 24kb, and are composed of 12 exons. Alternative splicing of the pre-mRNA transcript, 
within exon 10, gives rise to the two major isoforms that are 1992bp and 1716bp – pre-lamin A and 
lamin C mRNA, respectively (McKeon, et al., 1986; Lin and Worman, 1993).  Minor isoforms include 
lamin AΔ10 and C2 (Machiels, et al., 1996; Smith and Benavente, 1992). The first 556 amino acids 
comprising human lamin A and lamin C are identical; however, they differ in the carboxyl-terminal 
ends, lamin C has six carboxyl terminal acids that are different to lamin A. Lamin A protein is 664 
amino acids long and 74kDa, and lamin C is 572 amino acids long and 64kDa (Sakaki, et al., 2001).  
All Lamin proteins undergo a range of post-translational modifications, including farnesylation, 
methylation, phosphorylation, sumoylation, ADP-ribosylation, and glycosylation (Farnsworth, et al., 
1989; Ottaviano and Gerace, 1985; Zhang and Sarge, 2008; Adolph, 1987; Ferraro, et al., 1989).  Pre-
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lamin A undergoes a routine order of processing before lamin A is produced, including:  
farnesylation, proteolysis, methylation, and endoproteolysis, depicted in Figure 1.3.     
Figure 1.3. Schematic diagram of post-translational modifications to pre-lamin A to produce 
mature lamin A protein.  
First, the pre-lamin A mRNA undergoes lipidation at the C residue of its CaaX box (CISM); the C is a 
cysteine amino acid, the two A residues are often aliphatic amino acids and the X can be multiple 
different residues. This is completed by protein farnesyltransferase (FTase) (Lutz, et al., 1992). The 
endoproteolytic cleavage of the SIM amino acids (or the aaX of the CaaX) is completed by either 
RCE1 or ZMPSTE24 (Boyartchuk, Ashby, and Rine, 1997; Otto, et al., 1999; Bergo, et al., 2002). The 
final stage of CaaX processing includes the methylation of the carboxylate anion of the carboxyl-
terminal farnesylcysteine by isoprenylcysteine carboxyl methyltransferase (Icmt), an integral 
membrane protein located in the endoplasmic reticulum (Clarke, et al., 1988; Dai, et al., 1998). 
Zempst24 performs the final pre-lamin A processing stage, undergoing site-specific cleavage at the 
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putative endoproteolysis site RSYLLG, with cleavage occurring between the Y and L amino acids 
(Sinensky, et al., 1994; Pendás, et al., 2002).  
A-type lamins are developmentally regulated and are mainly expressed in differentiated cells, 
including in striated muscle (Broers, et al., 1997). Studies of mouse embryogenesis revealed that the 
expression of lamin A/C is not observed until day 11, with the onset of tissue-specific expression- 
primarily in primordial muscle cells (Stewart and Burke, 1987; Rӧber, Weber, and Osborn, 1989). It is 
suggested that lamin A/C expression may be accompanied by relevant adaptations to nuclear 
architecture, chromosome location, and transcriptional regulation (Constantinescu, et al., 2006; 
Paulsen, et al., 2017). The involvement of lamin A interactions to coordinate and regulate these 
functions is proposed, supported by recent research identifying that stem cell differentiation into 
stiffer, musculoskeletal tissues was enhanced through higher levels of lamin A (Swift, et al., 2013). 
1.1.3 Lamin Binding Proteins 
Lamin A binds to proteins at the nuclear lamina, including regulatory proteins responsible for both 
intracellular and extracellular signals. The interaction of lamin A with binding proteins can reinforce 
mechanical stability, anchor nuclear pores, tether chromatin or regulate protein localisation and 
activity (Wilson and Foisner, 2010; Naetar, Ferraioli, and Foisner, 2017).  
1.1.3.1 Emerin 
Emerin is an integral protein of the inner nuclear membrane and is ubiquitously expressed (Ostlund, 
et al., 1999). Emerin co-localises with lamin A and B, lamin A anchors emerin at the inner nuclear 
membrane by its hydrophobic tail (Vaughan, et al., 2001). Lamin A is essential for correct emerin 
localisation; in lamin A/C null mice, emerin becomes incorrectly located at the Endoplasmic 
Reticulum (Sullivan, et al., 1999). The LEM (LAP2-Emerin-MAN1) domain - a HLH fold roughly 40 
residues long - containing proteins can bind to both barrier-to-autointegration factor (BAF), a DNA-
bridging protein, and lamin A, linking chromatin to the nuclear periphery (Lee, et al., 2001; 
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Shumaker, et al., 2001; Cai, et al., 2001; Solovei, et al., 2013). Through the LEM domain, emerin is 
able to self-assemble, forming oligomers with structural organisation, and bind to BAF, linking 
chromatin with the nuclear envelope (Samson, et al., 2017). Emerin was discovered in 1994 as the 
gene responsible for causing X-linked Emery Dreifuss Muscular Dystrophy (EDMD) located at Xq28 
(Nagano, et al., 1996).   
1.1.3.2 Lamin-B Receptor 
Lamin-B Receptor (LBR) was the first binding partner to be identified and characterised, it is a 58kD 
protein and the N-terminal domain binds to DNA, heterochromatin protein HP1, and lamins 
(Worman, et al., 1988; Lin, et al., 1996). LBR binds to DNA through preferentially binding to linker 
DNA; DNA supercoiling and curvature result in enhanced binding (Duband-Goulet and Courvalin, 
2000). LBR and lamin A/C are important for the localisation of chromatin at the nuclear periphery 
during development and in differentiated cells, respectively (Solovei, et al., 2013). These two 
proteins are important during the early stages of myoblast differentiation, loss of LBR or LMNA 
results in an increase or decrease of muscle-specific gene expression, respectively (Solovei, et al., 
2013). This demonstrates the importance of correct heterochromatin localisation at the nuclear 
periphery, and how its loss impacts gene expression and developmental differentiation. Mutations in 
LBR are linked to Pelger-Huet anomaly and Greenberg skeletal dysplasia (Borovik, et al., 2013). 
1.1.3.3 Lamin-associated polypeptides 
Lamin-associated polypeptides (LAP) were first identified in isolated rat liver nuclear envelope 
protein extracts; three transmembrane proteins of sizes 75 kDa, 68 kDa, and 55 kDa were discovered 
representing LAP1A, LAP1B, and LAP1C, respectively (Senior and Gerace, 1988; Foisner and Gerace, 
1993). All LAP1 isoforms are produced from alternative splicing of the same gene and all have a 
single transmembrane segment (Martin, Crimaudo, and Gerace, 1995). Shin et al. demonstrated that 
the LAP1 interaction with emerin is essential and plays a selective role in the maintenance of skeletal 
muscle (Shin, et al., 2013). LAP2 is located on chromosome 12q22 and alternative RNA splicing 
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produces 6 isoforms that are able to bind to lamin B and chromatin (Dechat, Vlcek, and Foisner, 
2000). LAP2β and γ are transmembrane proteins located in the inner nuclear membrane, and LAP2α 
is located in the nuclear interior, as it does not have a transmembrane domain (Furukawa, et al., 
1995; Vlcek, et al., 1999). LAP2 has the LEM domain and therefore, through BAF, binds to 
chromatin and lamin A (Brachner and Foisner, 2014). A mutation in LAP2 is linked to dilated 
cardiomyopathy (DCM) with pathological characteristics resembling lamin A-linked DCM (Taylor, et 
al., 2005).   
1.1.3.4 MAN1 
In 2000, MAN1 was characterised in humans, it is located on chromosome 12q14 and forms an 
82.3kDa protein (Lin, et al., 2000). MAN1 transfected into cells is targeted exclusively to the nuclear 
envelope (Lin, et al., 2000). A study in 2014 found that MAN1, LBR, and lamin B1 oscillate with a 
circadian rhythm, and MAN1 regulates the circadian clock through binding to the Bmal1 promoter – 
enhancing transcription (Lin, et al., 2014). This demonstrates a link between the nuclear envelope 
and the circadian clock; proteins located at the nuclear periphery may be under clock control and 
can feedback to regulate the clock. Moreover, MAN1 contains the LEM domain, directly linking a 
protein with rhythmic oscillatory expression and a mechanism of feedback regulation to the 
circadian clock, with lamin A (Mansharamani and Wilson, 2005). Man1 mutations result in 
Osteopoikilosis, Buschke-Ollendorff syndrome (BOS), and melorheostosis, these disorders are 
characterised by an increase in bone density due to loss of Smad and Transforming Growth Factor-
beta (TGF-β) regulation (Hellemans, et al., 2004).    
1.1.3.5 Nesprin 
Nesprin 1 and 2 proteins are a large family encoded by the Syne genes; they are large, type II integral 
membrane proteins and cross the outer nuclear membrane to link the outer nuclear membrane to 
actin and the cytoskeleton (Zhang, et al., 2001). Nesprin and lamin A are important proteins in the 
LINC complex; LINC facilitates the communication of mechanical signals from the cytoplasm into the 
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nucleus (Crisp, et al., 2006). Mutations in Nesprin result in slowly progressive cerebellar ataxia, and 
disorders with an Emery-Dreifuss muscular dystrophy-like phenotype (Puckelwartz, et al., 2009; 
Fanin, et al., 2015; Synofzik, et al., 2016).  
1.1.3.6 Why Lamin A? 
The nuclear envelope is extremely complex, many nuclear envelope proteins and lamin-binding 
proteins may be under circadian clock control and may be involved in collectively regulating the core 
circadian clock. This is emphasised by previous research that identified feedback regulation between 
MAN1 and the circadian clock (Lin, et al., 2014). Research in this thesis focused on lamin A because it 
is important in regulating musculoskeletal tissue-specific gene expression and regulates nuclear 
mechanisms that may be responsible for providing feed-back regulation to the circadian clock. 
1.1.4 Lamins and disease 
Mutations in Lmna lead to a broad spectrum of diseases, now collectively known as laminopathies; 
these can affect muscle, skin, neurons, and fat. These diseases suggest a pleiotropic importance in 
the role played by nuclear lamins (Ho and Hegele, 2019). The disorders can be grouped in 
accordance with which organs and tissues they affect: striated muscle, adipose, peripheral nerve or 
multisystem (Worman, 2012). Since Lmna mutations are able to cause a clinical spectrum of 
myopathies and premature ageing disorders, which also affect muscle, lamin A/C proteins clearly 
play a pivotal role in both muscle development and maintenance. 
1.1.4.1 Muscular Dystrophy  
Emery Dreifuss Muscular Dystrophy 
X-linked Emery Dreifuss Muscular Dystrophy (EDMD), caused by a mutation in Emd, was the first 
disease discovered to be caused by a mutation in a nuclear envelope protein (Bione, et al., 1994). 
Autosomal dominant and autosomal recessive forms of the disease, due to Lmna mutations, were 
subsequently identified in 1999 and 2000 (Bonne, et al., 1999; di Barletta, et al., 2000). EDMD is 
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characterised by weakness, slow, progressive muscle wasting, cardiac conduction defects, and early 
contractures of elbows, Achilles tendons, and post-cervical muscles (Helbling-Leclerc, Bonne, and 
Schwartz, 2002).  
LGMD1B and DCM-CD 
Limb girdle muscular dystrophy type 1B (LGMD 1B) and dilated cardiomyopathy with conduction 
defects (DCM-CD) are muscle disorders characterised by muscle wasting in voluntary and lower 
limbs, and cardiac defects, respectively (Muchir, et al., 2000; Fatkin, et al., 1999). They can be caused 
by the same Lmna mutations as EDMD and can be found in families who also have individuals 
suffering with EDMD. On observing how Lmna mutations are able to cause these overlapping 
disorders, myopathies associated with Lmna mutations can be considered a clinical spectrum rather 
than distinct disorders. 
1.1.4.2 Lipodystrophy  
A mutation in Lmna has been described that causes Dunnigan-type familial partial lipodystrophy 
(FPLD), this is a rare, autosomal dominant disorder and is characterised by a partial or complete 
absence of adipose tissue (Kӧbberling and Dunnigan, 1986; Cao and Hegele, 1999). Patients are born 
with normal fat distribution but after the onset of puberty begin to lose subcutaneous fat in the 
torso, extremities, and gluteal region, and accumulate fat in the neck, face, labia majora, and back 
(Garg, Peshock, and Fleckenstein, 1999). Additionally, later in life, patients can develop insulin 
resistance with secondary metabolic complications, such as diabetes, glucose intolerance, 
dyslipidaemia, and coronary heart disease, and have a predisposition to polycystic ovaries and 
atherosclerosis (Haque, Vuitch and Garg, 2002).   
1.1.4.3 Peripheral Neuropathy  
Mutations in Lmna are linked to Charcot-Marie-Tooth disorder type 2, this disease is characterised 
by distal muscle weakness and atrophy, foot deformities, electrophysiological changes, and mild 
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sensory loss (De Sandre-Giovannoli, et al., 2002; Chaouch, et al., 2003). Some patients can develop a 
more severe phenotype and roughly 4 years after onset, may have pelvic muscle wasting, leading to 
a mixed gait and difficulty standing up (Chaouch, et al., 2003).   
1.1.4.4 Hutchinson-Gilford Progeria Syndrome 
In addition, Hutchinson-Gilford Progeria Syndrome (HGPS) is a premature ageing disease caused by 
point mutations in Lmna, most frequently G608G, activating a cryptic splice site and producing a 
mutant protein (progerin) with an internal deletion of 50 amino acids (De Sandre-Giovannoli, et al., 
2003). HGPS is characterised by accelerated ageing through growth retardation, hair loss, 
lipodystrophy, skin wrinkling, arteriosclerosis, and osteoporosis (Merideth, et al., 2008). On average, 
death occurs at roughly 13-years of age from a stroke or heart attack (Stables and Morley, 1994).   
1.1.4.5 Pathology Progression 
Although A-type lamins are ubiquitously expressed and can be found in most differentiated cell-
types and tissues, it is notable that these laminopathies have tissue-specific disease phenotypes, 
such as EDMD that is characterised by muscle wasting. The mechanisms leading to this tissue-
specific phenotype are currently still unknown and the subject of a great deal of study. There are 
two main hypotheses surrounding current research: the “gene expression” hypothesis and the 
“mechanical stress” hypothesis (Hutchinson, Alvarez-Reyes, and Vaughan, 2001; Worman and 
Courvalin, 2004; Briand and Collasa, 2018; Harris, Wirtz, and Wu, 2018). These hypotheses are not 
mutually exclusive but have emerged as research began to identify functional roles for lamin A and 
examined the loss of these roles in cells harbouring lamin A mutations. Both hypotheses encompass 
cellular functions that are known to be important in musculoskeletal-specific development and 
maintenance.   
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1.2 Function of the Nuclear Lamina 
Research has identified many roles for lamin A that can be grouped into and support the “gene 
expression” or “mechanical stress” hypotheses. To begin unravelling how the circadian clock may 
contribute to disease progression, the main functions of lamin A and their response to lamin A 
mutations or knockout are discussed.   
1.2.1 Gene Expression Hypothesis: 
The following roles for lamin A can be grouped into the ‘Gene Expression Hypothesis’. 
1.2.1.1 Transcription Factor Sequestering  
TF Sequestering 
Through direct interaction, lamin A regulates transcription factors such as Retinoblastoma protein 
(Rb), MOK2, AP-1, and Sterol Response Element-Binding Protein 1 (SREBP1) (Ozaki, et al., 1994; 
Dreuillet, et al., 2002; Ivorra, et al., 2006; Lloyd, et al.,2002). These interactions sequester the 
transcription factor at the nuclear periphery, and by doing so, regulates their location and activity, 
preventing any DNA-binding and transcriptional activity (Dreuillet, et al., 2002; Lloyd, et al.,2002; 
Ivorra, et al., 2006; Markiewicz, et al., 2002a; Johnson, et al., 2004). Studies have shown that this 
regulation can be dynamic, to fine-tune transcriptional repression or activation according to cellular 
conditions. In response to serum stimulation, and in an ERK1/2 dependent manner, AP-1 is rapidly 
released from the nuclear periphery, enabling it to upregulate AP-1 responsive genes (González, et 
al., 2008).  
Lamin A is central to the activity of these transcription factors; accordingly, Lmna knockout or 
mutation directly affects their localisation, activity, and downstream gene expression. In lamin A 
knockout fibroblasts, Rb is mis-localised and degraded (Nitta, et al., 2006). Muscular satellite cells 
isolated from lamin A knockout mice have a loss of Rb stabilisation and functional activation, 
resulting in compromised differentiation capacity (Frock, et al., 2006). Likewise, mouse embryonic 
31 
 
fibroblasts with lamin A knockout have increased levels of AP-1 bound to DNA and increased AP-1-
dependant gene expression (González, et al., 2008). In addition, an EDMD autosomal dominant 
mutation prevents lamin A from binding to the adipose differentiation factor SREBP1 (Lloyd, et al., 
2002). In contrast, the expression of pathogenic Lmna mutations does not alter the direct binding 
capacity of lamin A to MOK2 in vitro or in vivo. Instead, aberrant mis-localisation of the transcription 
factor into nuclear aggregates is observed (Dreuillet, et al., 2008). Thus, mutation or loss of lamin A 
results in dysregulated control of the localisation or stability of these transcription factors, which 
may affect many downstream pathways and processes within the cell.  
Muscle and Mechanosensitive Pathway Regulation 
Lamin A and its binding partner emerin regulate the expression and activity of Wnt/β-catenin and 
Notch (Wheeler, et al, 2010; Lee, Lee, and Shim, 2017). Wnt is mechanosensitive and its activation 
promotes the accumulation of β-catenin in the nucleus (Brunt, et al., 2017). Emerin is responsible for 
interacting with β-catenin and sequestering it at the nuclear periphery; thus, preventing its nuclear 
accumulation (Markiewicz, et al., 2006). Similarly, knockdown of emerin or lamin A increases Notch 
signalling due to a loss of retention at the nuclear periphery (Lee, Lee, and Shim, 2017). Notch is a 
mechanosensitive signalling molecule (Loerakker, 2018). Therefore, lamin A and emerin negatively 
regulate these mechanosensitive pathways through sequestering transcription factors at the nuclear 
periphery. Additionally, recent studies have identified a link between NRF2 activity and laminopathy 
diseases, although a mechanism of regulation is yet to be uncovered (Kubben, et al., 2016; Dialynas, 
et al., 2015). 
Cardiomyopathic hearts from LmnaH222P/H222P mice demonstrate decreased Wnt/β-catenin signalling; 
pharmaceutical activation of β-catenin improved cardiac contractility and ventricular dysfunction (Le 
Dour, et al., 2017). Conversely, Notch signalling is increased in mesenchymal stem cells (MSC) 
expressing the HGPS mutant lamin A progerin (Scaffidi and Misteli, 2008). Additionally in HGPS, NRF2 
is sequestered and antioxidant pathways are repressed, in vivo restoration of these NRF2 pathways 
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in HGPS-iPSC-MSCs rescues their viability (Kubben, et al., 2016). In addition, other laminopathy 
mutations cause reductive stress through increased activation of NRF2 (Dialynas, et al., 2015).  
Furthermore, RNA interference (RNAi) down-regulation for lamin A in myoblast cells reduces the 
expression of the differentiation factors MyoD, M-cadherin, and desmin, and increases the 
expression of Myf5 (Frock, et al., 2006). Lamin A/C directly controls myogenic transcription factor 
activity and its loss affects muscle differentiation and maintenance (Markiewicz, Ledran, and 
Hutchison, 2005). Overall, there is strong evidence that lamin A can dynamically regulate 
transcription factors, including musculoskeletal tissue-specific gene expression, and this is clearly a 
plausible mechanism incorporated in the gene expression hypothesis.   
1.2.1.2 Cell Cycle Control  
During progression of the cell cycle, the nuclear lamina is depolymerised and disassembled during 
prophase, and reassembled following cytokinesis. Lamin A is phosphorylated by cdc2 kinase to 
induce disassembly during M phase (Peter, et al., 1990). The importance of this is demonstrated 
following mutation of the phosphorylation sites on lamin A at serine 22 and serine 392, which 
prevents the disassembly of nuclear lamina during mitosis (Heald and McKeon, 1990). Following 
mitosis, lamins are dephosphorylated and the nuclear lamina is reassembled as the nuclear envelope 
is formed. DNA replication is tightly controlled temporally and spatially during the cell cycle and 
lamin A is essential for DNA replication and mRNA transcription (O’Keefe, Henderson, and Spector, 
1992; Goldman, et al., 2002). Xenopus nuclei depleted of lamin A or incorporating a mutant human 
Lmna transcript, are unable to initiate DNA replication, although there is no disruption occurring to 
nuclear import; indicating that the DNA replication machinery is incorrectly localised and targeted 
within the nucleus (Meier, et al., 1991; Spann, et al., 1997). In addition to a structural role, lamin A 
directly interacts with c-fos (part of the AP-1 complex) and Rb transcription factors, which are 
involved in regulating cell cycle progression (Johnson, et al., 2004; Ivorra, et al., 2006). Lamin A 
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dynamically regulates these transcription factors and can fine-tune cell cycle progression dependent 
upon cues provided by the cellular environment (González, et al., 2008; Pekovic, et al., 2007).  
Genetic diseases caused by Lmna mutations disrupt cell cycle regulation, muscle development, and 
maintenance; these processes require coordination and control of the cell cycle. In muscle cells from 
patients affected by EDMD, the interactions between lamin A, Rb, and MyoD are abnormal, and the 
phosphorylation and acetylation steps in the cell cycle are uncoordinated (Bakay, et al., 2006). HGPS 
mutations, on the other hand, affect cell cycle progression by altering the distribution and solubility 
of lamin A, which prevents progression into M phase, and by causing defects in the Rb protein, 
preventing regulated transition into S-phase (Dechat, et al., 2007). Hence, lamin A is vital for correct 
cell cycle progression at a structural level by allowing nuclear membrane disassembly and assembly, 
and by directly regulating factors that coordinate cell cycle progression. Cell cycle control is vital in 
muscle development and maintenance; differentiation of skeletal myoblasts depends on increased 
levels of hypo-phosphorylated pRb and its interaction with MyoD, through deacetylase HDAC1, to 
arrest and withdraw from the cell cycle (Walsh, 1997; Puri, et al., 2001). Therefore, loss of 
coordinated cell cycle control in myoblasts has severe consequences on muscle development and 
maintenance.  
1.2.1.3 Nuclear-cytoplasmic shuttling of protein 
The separation of nuclear and cytoplasmic functions permits the regulation small polar molecules 
and macromolecules that pass into the nucleus. Through regulating this passage, lamin A can control 
the availability of transcription factors within the nucleus. These molecules can pass into the nucleus 
through nuclear pores, enabling the nucleus to become its own distinct and regulated biochemical 
environment. The nuclear pores are supramolecular complexes composed of multiple nucleoporin 
proteins (Nups), a total of 29 Nups and 18 nuclear pore-associated proteins have been identified 
(Cronshaw, et al., 2002). The nuclear pores are involved in bidirectional trafficking and are selective 
in the uptake of proteins (Bonner, 1975). The nuclear pore complex (NPC) binds to Lamin filaments, 
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which are involved in the trafficking of cargo and the positioning of the NPC (Goldberg and Allen, 
1996). The soluble proteins of the nuclear basket bind to cargo about to be imported and also 
exhibit multiple binding sites for the Ig-fold of lamin A (Shah, Tugendreich, and Forbes, 1998; Al-
Haboubi, et al., 2011).  
Further evidence comes from both Lmna knockout and DCM mutant mouse embryonic fibroblasts, 
which demonstrate impaired nuclear-cytoplasmic shuttling of MRTF-A/SRF (Serum Response Factor) 
that is associated with the abolition of nuclear translocation in response to serum stimulation (Ho, et 
al., 2013). In addition, the defective nuclear lamina present in HGPS cells has impaired dynamic 
active and passive transport of proteins between the cytoplasm and the nucleus (Ferri, Storti, and 
Bizzarri, 2017). Thus, lamin A is important for correct nuclear pore importation dynamics, and it 
facilitates the nuclear-cytoplasmic shuttling of transcription factors.   
1.2.1.4 Genome Organisation 
The nucleus is organised in a non-random fashion, the centromeres of chromosomes can be found in 
the same location across differentiated cells types, such as in the Purkinje cells (Manuelidis, 1984). 
The location of genes at the periphery of the nucleus is associated with transcriptional repression, 
and lamin A is suggested to take an active role in this process (Gonzalez-Suarez and Gonzalo, 2010). 
Chromosomes rich in actively expressed genes tend to be located towards the centre of the nucleus 
and gene poor chromosomes located at the nuclear periphery; internal lamin structures associate 
with condensed chromatin to regulate localisation independently from the nuclear membrane 
(Bridger, et al., 1993; Croft, et al., 1999). Lamin A binds directly to DNA and histones through its rod 
and terminal domain, and can associate with regions of the DNA containing Lamin-associated 
domains (LADs) through its LEM domain and NET interactions (Glass, et al., 1993; Taniura, et al., 
1995; Stierlé, et al., 2003; Guelen, et al., 2008).  
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Chromosome Territories 
Physical organisation is highly conserved and chromosome domains, known as chromosome 
territories, are located in close proximity to regulatory bodies.  Highly expressed genes are found 
located towards the periphery of these territories (Kurz, et al., 1996; Boyle, et al., 2001; Mahy, et al., 
2002; Chambeyron and Bickmore, 2004). Lamina located at the nuclear periphery and in internal 
lamin structures act as a scaffold, providing structural support to chromosome territories (Bridger, et 
al., 1993; Ma, Siegel, and Berezney, 1999). On myoblast differentiation, chromosomes rearrange 
these territories to adapt gene expression; relocating muscle-specific differentially expressed genes 
into active regions and repressing non-muscle-specific genes (Moen, et al., 2004).  
Lamin-associated domains (LADs) and Topologically-associated domains (TADs) 
LADs are enriched in heterochromatin and display low gene activity, demonstrating a repressive 
state (Guelen, et al., 2008). TADs are stable, well conserved chromatin interaction domains of a high-
frequency that correlate with constraining the spread of heterochromatin, and are suggested to be 
involved in establishing higher order genome structures (Dixon, et al., 2012). Lamin A binds to DNA 
through defined regions of LADs and TADs to regulate genome organisation (Briand and Collas, 
2018). Through redistributing and adjusting lamin A and LADs interactions, it has been discovered 
that these interactions are coupled with differentiation, linking lamin A with developmentally 
regulated gene-expression (Rønningen, et al., 2015).  
LEM Domain 
The LAP2β, emerin, and MAN1 proteins contain the LEM domain, a HLH fold roughly 40 residues 
long, and through this can bind to BAF, a DNA-bridging protein, and lamin A (Lee, et al., 2001; 
Shumaker, et al., 2001; Cai, et al., 2001; Solovei, et al., 2013). LEM domain proteins and BAF dimers 
can compact and de-condense associated chromatin, silencing gene expression (Zheng, et al., 2000; 
Segura-Totten, et al., 2002; Capanni, et al., 2010).  
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Nuclear Envelope Transmembrane Proteins 
The inner nuclear membrane also contains other nuclear envelope transmembrane proteins (NETs). 
NETs have been identified that are upregulated or downregulated during myoblast differentiation, 
these proteins actively promote or inhibit differentiation, respectively (Schirmer, et al., 2003; Chen, 
et al., 2006). These NETs regulate chromosome positioning, tethering genes to repress their 
expression and regulating tissue-specific gene expression (Zuleger, et al., 2013). NET39, Tmem38A, 
and WFS1 are strongly upregulated in skeletal and cardiac tissue during myogenesis, and are 
regulators of muscle regeneration (Liu, et al., 2009; Robson, et al., 2016).  These three NETs are 
responsible for 37% of gene expression changes observed during myogenesis (Robson, et al., 2016). 
These interactions, between lamin A, NETs, and chromatin, are transcriptionally repressive and 
through chromatin organisation, enable the nuclear lamina to regulate gene expression.  
Promoter Regulation 
Experiments utilising the lac operator reporter arrays demonstrated a 2-3 fold reduction in gene 
expression after gene tethering to the nuclear lamina (Reddy, et al., 2008). Lamin A associates with 
the promoters of muscle-specific genes such as MyoD, Myogenin, and muscle creatine kinases in 
myoblasts, and dissociates from these promoters upon myoblast differentiation (Athar and Parnaik, 
2015). Lamin A/C is required for the localisation of chromatin to the nuclear periphery in 
differentiated muscle cells (Solovei, et al., 2013). 
In C. elegans an EDMD point mutation in Lmna prevents muscle-specific reorganisation of 
heterochromatin and leads to decreased muscle function in larvae and adult worms (Mattout, et al., 
2011). In patients suffering with EDMD, caused by a mutation in Lmna, muscle fibres, fibroblasts, 
and cardiomyopathic hearts demonstrated abnormal distribution of chromosomes and levels of 
gene expression (Sewry, et al., 2001; Mewborn, et al., 2010). Fibroblasts from patients affected by 
HGPS have altered DNA-Lamin interactions, loss of chromosome domain spatial organisation, and 
loss of peripheral heterochromatin localisation (Goldman, et al., 2004; McCord, et al., 2013). In 
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addition, genome organisation is altered in primary laminopathy and X-EDMD human dermal 
fibroblasts; chromosomes are abnormally positioned in the nucleus, pRb is aberrantly localised, and 
incidences of apoptosis are increased (Meaburn, et al., 2007). Furthermore, HGPS fibroblasts treated 
with farnesyltransferase inhibitor, to prevent the accumulation of farnesylated progerin, 
demonstrated restored nuclear chromosome positions (Mehta, et al., 2011; Bikkul, et al., 2018). 
Finally, during myoblast differentiation it has been observed that loss of LBR or Lmna results in an 
increase or decrease, respectively, of muscle-specific gene expression (Solovei, et al., 2013).  
Therefore, these functions by lamin A act to ensure that chromatin is correctly organised at the 
nuclear periphery and that muscle-specific gene expression is coordinated, which is required during 
myoblast development.  
1.2.2 Mechanical Stress Hypothesis 
The following roles for lamin A can be grouped into the ‘Mechanical Stress Hypothesis’. 
1.2.2.1 Nuclear Fragility – LINC Complex 
In addition to nuclear pores, the inner and outer nuclear membranes are also connected through 
LINC (Linker of Nucleoskeleton and Cytoskeleton) complexes. Consisting of Sad1 and UNC-84 (SUN) 
domain proteins and Klarsicht, ANC-1, and Syne Homology (KASH) domain nesprin proteins, which 
are located in the inner nuclear membrane and in the outer nuclear membrane, respectively (Crisp, 
et al., 2006). There are several different SUN proteins in mammalian cells and their C-terminal 
domain, which encompasses the SUN domain, is located within the perinuclear space (Malone, et 
al., 1999; Hodzic, et al., 2004; Crisp, et al., 2006). In the cytoplasm, nesprin proteins bind to 
signalling molecules and cytoskeletal elements (Padmakumar, et al., 2005). This signal is passed to 
SUN proteins through interactions in the perinuclear space, through their KASH and SUN domains. 
SUN binds to the tail domain of lamin A, linking and anchoring the complex to the nucleus, and 
enabling signal transduction to the nucleus (Crisp, et al., 2006; Haque, et al., 2006). The LINC 
complex is crucial during the fusion of myoblasts in differentiation and in myonuclei positioning 
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(Zhou, et al., 2017; Stroud, et al., 2017). Mechanical stimulation deforms the nuclear envelope and 
the lamina, initiating adaptation of lamin A-dependant transcription factor regulation and 
chromosome positioning (Maniotis, Chen, and Ingber, 1997; Mazumder and Shivashankar, 2010). 
Thus, the LINC complex is a structural scaffold that also communicates mechanical signals across the 
nuclear membrane to elicit downstream mechanosensitive responses in the nucleus. Stem cell 
differentiation into stiffer tissues is enhanced through high levels of lamin A, which provide 
additional structural support (Swift, et al., 2013). 
Reduced levels of lamin A in Drosophila leads to weakened structural integrity of the nuclear 
envelope, it becomes distorted and forms clusters of nuclear pore complexes (Lenz-Böhme, et al., 
1997). Fibroblasts from patients affected by LGMD have defective organisation of the inner nuclear 
membrane and changes in nuclear shape (van Engelen, et al., 2005). Nuclear mechanics in 
fibroblasts from Lmna knockout mice have increased nuclear fragility and deformation, and altered 
mechanotransduction in response to mechanical strain (Lammerding, et al., 2004). Moreover, 
fibroblasts from patients suffering with X-EDMD demonstrate increased solubility of lamin A 
(Markiewicz, et al., 2002b). Lamin A ensures that the nucleus is structurally stable and that 
mechanosensitive responses are correct; in laminopathies, this stability and regulation may be lost.  
1.2.2.2 Oxidative Stress  
Lamin A correlates with the suppression of oxidative stress and Reactive Oxygen Species (ROS) 
(Lattanzi, et al., 2012). In response to hydrogen peroxide induced stress, there is an increase in the 
translocation of Ankyrin repeat protein 2 (Ankrd2) into the nucleus (Cenni, et al., 2011). In the 
nucleus, Ankrd2 phosphorylates Atk and inhibits myogenic differentiation in skeletal muscle (Cenni, 
et al., 2011). Hence, in response to stress stimuli, this response prevents myogenesis and enables 
the myoblasts to enter recovery or apoptotic pathways. In the nucleus, lamin A binds to Ankrd2 and 
forms a complex (Angori, et al., 2017).  
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EDMD2-lamin A overexpressing cell lines and myotubes from patients suffering from EDMD2 
demonstrate incorrect localisation of Ankrd2 and increased sensitivity to oxidative stress (Angori, et 
al., 2017). Knockdown of lamin A in human fibroblasts increases levels of intracellular ROS, and 
patients suffering from Emery-Dreifuss muscular dystrophy have increased serum levels of ROS, 
measured through total antioxidant capacity and total oxidant status (Sieprath, et al., 2015; Niebroj-
Dobosz, et al., 2017). Finally, fibroblasts from patients suffering with progeria have elevated levels of 
ROS and an increased sensitivity to oxidative stress (Richards, et al., 2011).  
1.2.3 Lamin A and the Circadian Clock 
Despite the identification of essential general and tissue-specific functions of lamin A, the field 
remains no closer to a clear understanding of how laminopathy patients progress from mutation to 
phenotype. The functions discussed above are mechanisms relevant to musculoskeletal 
development and maintenance, and mutation or knockout of Lmna prohibits or perturbs each of 
these functions and severely impacts muscle. The gene expression and mechanical stress hypotheses 
have overlapping functions. Sensitive transcription factor and chromatin regulation by lamin A, 
observed in functions of the gene expression hypothesis, can only occur if the lamina, inner nuclear 
membrane, and nuclear pores are structurally secure. Distorted nuclear membranes and nuclear 
pores, observed in Lmna knockout fibroblasts, will be unable to facilitate the regulatory associations 
of lamin A with chromatin, transcription factors, and other proteins (Lenz-Böhme, et al., 1997). 
Similarly, mechanosensitive pathways vital to the mechanical stress hypothesis require lamin A to 
regulate and elicit downstream mechanosensitive gene expression, through interactions with 
transcription factors. Therefore, these functions are important factors in the disease progression of 
tissue-specific phenotypes seen across laminopathies. However, further research is required to 
understand exactly how these diseases are formed. The work in this thesis predicts that the 
molecular clock and lamin A are linked, and a functioning circadian clock is essential for lamin A to 
undertake all of these regulatory roles. Furthermore, it is predicted that the loss of lamin A, through 
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mutation or knockout, impairs the circadian clock, affecting both lamin A and many other cell-
specific functions.  
1.3 Circadian Rhythms 
1.3.1 The Circadian clock  
During the fourth century BC a description of the leaves of the tamarind tree that rhythmically open 
and close by the Greek Androsthenes marked the first account of circadian rhythms (Moore-Ede, et 
al., 1982). Since this first description, oscillations in behaviour and physiological processes in all 
phyla of eukaryotes have been reported. Halberg named these ‘circadian rhythms’, originating from 
a Latin phrase that roughly translates to ‘about a day’ (Halberg, 1959). Circadian rhythms are defined 
as biological rhythms with a free-running period that is approximately equivalent to one rotation of 
the earth (Pittendrigh, 1960). A ‘free running’ rhythm is the rhythm observed once external stimuli 
are removed, meaning the oscillating pattern is able to continue in the absence of environmental 
cues. External cues set oscillating rhythms and these are known as external time givers or 
‘zeitgebers’. Examples of zeitgebers include temperature and light, which tend to oscillate with 24-
hour pattern. The ‘free-running’ nature of circadian rhythms demonstrates that they are not simply 
responses to the diurnal cycle but rather are generated and maintained by an internal clock, which is 
‘set’ by these zeitgebers. In the 1960s Aschoff placed volunteers into constant darkness – removing 
them from the zeitgeber light, through utilising military war bunkers from World War II. Volunteers 
who stayed for 3-4 weeks revealed rhythms in their sleep-wake cycle, urine excretion, and body 
temperature (Aschoff, 1969).  
Circadian rhythms provide organisms with a selective advantage, regulating physiology and 
behaviour to synchronise with the external environment. In humans, circadian rhythms are involved 
in regulating many processes such as sleep-wake cycle, body temperature, hormone secretion, 
immune activity, and cardiovascular activity (Borbély, 1982; Aschoff and Heise, 1972; Weitzman, 
1976; Lévi, et al., 1991). The circadian clock enables gene and protein expression to peak and trough 
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once every 24 hours. Accordingly, this allows the clock to control the timing of physiological 
processes and thus, provide temporal homeostasis. The research in this thesis focuses on the 
importance of circadian rhythms for effective development, maintenance, and mechanosensitive 
pathways within skeletal muscle.  
1.3.2 Circadian Genes 
In 1971, Konopka and Benzer began searching for ‘clock genes’ by carrying out reverse genetic 
systematic screens in Drosophila melanogaster. D. melanogaster mutants were created using ethyl 
methane sulfonate and three rhythm mutants were identified: short-period, long-period, and 
arrhythmic (Konopka and Benzer, 1971). All three mutants were located at the same locus on 
chromosome X and in the same functional gene: the period (per) locus (Konopka and Benzer, 1971). 
This was a revolutionary moment in the circadian biology field. Previously, it was believed that no 
single gene mutation could affect oscillating processes within an organism, due to the complex 
nature of circadian rhythms. Hence, this experiment paved the way for future work in the circadian 
biology field and there was a race to identify further ‘clock genes’ in Drosophila and in other 
organisms. Circadian genes were successfully identified in Chlamydomonas in 1971 and in 
Neurospora Crassa in 1973 (Bruce, 1972; Feldman and Hoyle, 1973). Next, the focus in circadian 
biology research turned to deciphering the molecular clock mechanism in mammals. 
1.3.3 Mammalian Circadian Genes 
In 1994, Vitaterna et al. performed mutagenesis experiments on mice to screen for clock mutants. 
They successfully identified Clock, a single gene located on mouse chromosome 5 and syntenic to 
human chromosome 4 (Vitaterna, 1994). On mutating Clock, both the periodicity and persistence of 
circadian rhythms were affected (Vitaterna, et al., 1994; King, et al., 1997).  From these findings, it 
was concluded that Clock protein was a component of the core molecular clock in mammals. 
Positional cloning of Clock found it to be roughly 100 000 base pairs in length, span 24 exons, and 
42 
 
encode a transcription factor belonging to the basic helix-loop-helix (bHLH)-Period-Arnt-Single-
Minded (PAS) (bHLH-PAS) family (King, et al., 1997). 
Using the Drosophila period gene, studies were carried out to identify mammalian orthologs and 
lead to the discovery of mPer1, mPer2, and mPer3, proteins with a PAS and protein dimerisation 
domain (Sun, et al., 1997; Tei, et al., 1997; Albrecht, et al., 1997; Zylka, et al., 1998).  The interactions 
of mPER complexes are important for nuclear localisation (Zylka, et al., 1998).  A two-hybrid screen 
for proteins that interact with Clock identified Bmal1 (Brain and Muscle ARNT-Like 1), in situ 
hybridisation displayed co-expression of Bmal1 with Clock and mPer1 in the mouse brain (Gekakis, et 
al., 1998). In 1999 and 2000, the CRY1 and CRY2 proteins, members of the Cryptochrome (Cry) and 
photolyases family, were identified. Mice null for CRY1 and CRY2 or BMAL1 proteins display a 
complete loss of free-running rhythmicity (Van der Horst, et al., 1999; Bunger, et al., 2000). 
1.3.3.1 Transcriptional Translational Feedback Loop (TFFL) 
The generation of circadian oscillations results from auto-regulatory interlocked 
feedback/feedforward transcriptional translational loops, these can be observed across different 
phylogeny including: cyanobacteria, fungi, and plants (Ishiura, et al., 1998; Crosthwaite, Dunlap, and 
Loros, 1997; Wang and Tobin, 1998). To begin deciphering the molecular interactions of mammalian 
clock proteins, a CACGTG E box sequence located in the promoter of Per1 was firstly identified; 
experiments demonstrated that CLOCK and BMAL1 heterodimers positively regulate Per1 through 
this E box (Gekakis, et al., 1998). CLOCK and BMAL1 upregulate Per1, Per2, Cry1, and Cry2 
expression, and constitute the positive elements of the primary feedback loop – in accordance with 
their roles in Drosophila. The negative part of the feedback loop is established by PER:CRY 
heterodimers. Once their concentration reaches a critical level – during the evening, they are 
translocated into the nucleus, and directly interact with BMAL1:CLOCK complexes. This prevents 
their transcription and ‘feeds-back’ to complete the molecular loop (Griffin, et al., 1999; Kume, et 
al., 1999; Sato, et al., 2006). CLOCK, BMAL1, PER, and CRY are the integral ‘core clock proteins’ in the 
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transcriptional translational feedback loop, shown in Figure 1.4. These proteins regulate the 
expression of other genes and as a result, produce rhythmic expression of downstream genes across 
the genome; representing the output of the molecular clock. This is fine-tuned in a tissue-specific 
manner, ensuring that output genes are expressed at the time of day when and where they are 
physiologically required. The timing of downstream gene up- or down-regulation depends on the 
clock protein implementing the regulation. For example, in the liver, the BMAL1:CLOCK heterodimer 
specifically binds to several thousand sites in the genome to upregulate gene expression, which peak 
at midday (King, et al., 1997; Kume, et al., 1999; Rey, 2011; Takahashi, 2015).  
 
 
 
 
 
 
 
 
Figure 1.4. Schematic diagram of the molecular interactions between the core clock components 
involved in the interlocked feedforward/feedback loop. 
1.3.3.2 Auxiliary Loops 
Phosphatases and kinases act to ensure that the molecular loop takes roughly 24 hours to complete, 
and that the interactions and localisation of core clock proteins are correct. These are known as the 
stabilising loops and ensure that the molecular clock is robust; they provide extra temporal 
regulation on core clock genes and proteins. During the night, the PER and CRY proteins are 
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phosphorylated and targeted for ubiquitination by E3 ligases, such as SCFβ-TrCP1 and SCFFbxl3, and are 
degraded by ubiquitin-dependant pathways (Busino, et al., 2007; Siepka, et al., 2007; Reischl, et al., 
2007). The rate at which PER:CRY is degraded or translocated to the nucleus is controlled by casein 
kinases CKIε and CKIδ, through phosphorylation of PER at multiple sites. Their own activity is 
regulated by phosphatases PP1 and PP5 (Lowrey, et al., 2000). CKIε and CKIδ phosphorylate PER 
during the night, resulting in its degradation (Keesler, et al., 2000; Akashi, et al., 2002; Eide, et al., 
2005). CKIε is also able to phosphorylate CRY when both CRY and CKIε are bound to PER in a 
multimeric complex (Eide, et al., 2002). PP1 and PP5 dephosphorylate CKIε and CKIδ respectively, 
activating them to phosphorylate Per3 and inducing translocation to the nucleus (Takano, et al., 
2000; Akashi, et al., 2002). PP5 is regulated by CRY, on receiving blue-light signals during the 
subjective night, CRY inhibits the phosphatase activity of PP5 and prevents PER phosphorylation 
(Zhao and Sancar, 1997; Partch, et al., 2006). Rhythmic degradation of PER is an important feature of 
a functioning molecular clock as it eases the repression of Clock and Bmal1 expression. Additionally, 
further regulation of the circadian clock mechanism is provided by REV-ERBα and RORα, they 
compete to bind to ROR elements in the Bmal1 promoter to repress and activate its transcription, 
respectively (Preitner, et al., 2002; Sato, et al., 2004).  
The mitogen-activated protein (MAP) kinase pathway is an important regulator of the circadian clock 
mechanism through resetting the circadian clock in response to photic input during the subjective 
night (Obrietan, Impey, and Storm, 1998). MAPK peaks during the subjective day; however, photic 
stimuli during the subjective night results in prolonged MAPK cascade activation and leads to the 
expression of clock genes, such as Per1 (Treisman, 1996; Butcher, et al., 2005). In accordance, this 
phase shifts the clock mechanism and entrains the molecular clock to the external cue (Goldsmith 
and Bell-Pedersen, 2013).  
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1.3.4 Mammalian Circadian Rhythms 
In humans, circadian rhythms are important in temporal regulation of the sleep-wake cycle, body 
temperature, hormone secretion, immune activity, and cardiovascular activity (Borbély, 1982; 
Aschoff and Heise, 1972; Weitzman, 1976; Lévi, et al., 1991). In addition, circadian rhythms affect 
many other physiological functions including locomotor activity, water, and food intake, the 
oestrous cycle, oxygen utilisation, and adrenal corticosterone production (Stephan and Zucker, 1972; 
Fitzgerald and Zucker, 1976; Bellisle and Le Magnen, 1981; Moore and Eichler, 1972). Multicellular 
organisms contain multiple circadian oscillators, as nearly every cell contains an autonomous 
circadian molecular clock. Pittendrigh first proposed that an organism contains a light sensitive 
oscillator that acts as a ‘pacemaker’ for the rest of clocks in the body, and scientists began to 
investigate areas of the brain that may be a suitable candidate (Pittendrigh, 1960). Research 
experiments began by creating lesions in the rodent brain and observing the effect, if any, on wheel 
running behaviour. They discovered that the suprachiasmatic nucleus (SCN), located above the optic 
chiasma in the anterior hypothalamus, was important for rhythmic locomotor activity and 
corticosterone secretion (Moore and Eichler, 1972; Stephan and Zucker, 1972).  
1.3.5 The SCN  
The molecular and physiological behaviour of the SCN follows a circadian rhythm, including the 
expression of clock genes, proteins, and glucose uptake (Schwartz and Gainer, 1977; Sun, et al., 
1997). To prevent cells within a multicellular organism being on different circadian times to each 
other, they are organised into a hierarchical system. In mammals, the SCN is the ‘master’ internal 
clock and acts as the ‘pacemaker’, its neurons are autonomous, self-sustained circadian oscillators 
(Welsh, et al., 1995). The SCN is responsible for receiving retinal projections, via the 
retinohypothalamic tract (RHT), and for photic entrainment to the zeitgeber light (Rusak and Boulos, 
1981). As well as photic projections along the RHT, photic signals are also indirectly projected from 
the intergeniculate leaflet (IGL) to the SCN via the Geniculo Hypothalamic tract (GHT) (Pickard, 1985; 
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Janik and Mrosovsky, 1994). The IGL sends a signal to the SCN through neuropeptide Y (NPY) and 
gamma-aminobutyric acid (GABA) release; this is delayed in comparison to the photic signal received 
from the RHT – providing additional information to the SCN (Moore and Card, 1994; Harrington, 
Nance, and Rusak, 1985). The IGL also receives information from non-photic signals via the dorsal 
raphe nucleus; thus, signals from the IGL are integrating both photic and non-photic signals (Meyer-
Bernstein and Morin, 1996). Electrical stimulation of the GHT or the addition of NPY to the SCN 
induces phase-dependant phase shifts (Rusak, Meijer, and Harrington, 1989; Albers and Ferris, 
1984). Furthermore, activity-induced phase shifts can be blocked through the application of NPY 
antiserum (Biello, Janik, and Mrosovsky, 1994). Finally, a third projection to the SCN is serotonergic 
projection via the midbrain raphe nucleus (MR) ending in neurons containing vasoactive intestinal 
peptide (VIP); there are rhythmic levels of VIP in the SCN, which peak during the night (Bosler and 
Beaudet, 1985; Shinohara, et al., 1993). The GHT and MR are necessary for entrainment to stimuli 
such as motor activity and light pulses; however, they are not a necessity for circadian periodicity of 
the SCN (Edelstein and Amir, 1999; Harrington and Rusak, 1986; Pickard, Ralph, and Menaker, 1987).  
1.3.6 The Timekeeper  
In order for the hierarchical system to work and the ‘pacemaker’ function of the SCN to be effective, 
the SCN is required to send ‘time-keeping signals’ to the peripheral clocks of the rest of the brain 
and body. The SCN undergoes this synchronisation by sending signals via neuronal and humoral 
pathways. Anterograde tracing of the SCN revealed a number of efferents terminating at a range of 
other sites in the brain, enabling the SCN to project signals directly to these areas (Watts, Swanson, 
and Sanchez-Watts, 1987). Other SCN output signals include: vasopressin, melatonin, prokineticin 2 
(PK2), TGFα, and cardiolipin-like cytokine, and rhythmic levels of corticosterone release are 
controlled by vasopressin projected from the SCN to the hypothalamus (Kalsbeek, et al., 1992).  
Locomotor activity is regulated by the molecular clock to oscillate with a circadian rhythm. It is 
proposed that the precise regulation of locomotor activity occurs through the action of numerous 
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secreted output factors. One of these factors includes the SCN rhythmic release of PK2 to the main 
projection targets of the brain; a high level of PK2 during the subjective day inhibits wheel-running 
activity in rodents (Cheng, et al., 2002). Furthermore, cardiolipin-like cytokine (CLC) is important for 
shaping rhythms in locomotor activity. CLC is synthesised and released rhythmically from SCN 
neurons, binding to receptors around the third ventricle and inhibiting locomotor activity (Kraves 
and Weitz, 2006). These examples demonstrate how the SCN, as the time-keeping pacemaker, can 
regulate behavioural and physiological processes through the rhythmic release of various output 
signals. 
Early experiments identified oscillating transcripts of the core clock genes in tissues located across 
the rest of the body, such as in the liver and skeletal muscle (Zylka, et al., 1998). Within each cell-
type, circadian rhythms are fine-tuned to upregulate tissue-specific genes and are physiologically 
central to the maintenance of many tissues. Peripheral clocks are important in many physiological 
processes; dysfunction of lipid and glucose metabolism, and diabetes mellitus occur when local 
clocks are perturbed and desynchronised (Lamia, Storch, and Weitz, 2008; Gale, et al., 2011). 
1.3.7 Circadian Rhythms and Muscle  
Many studies have identified oscillating core clock gene transcripts in muscle cells and roughly 7% of 
the skeletal muscle transcriptome has been shown to oscillate with a circadian rhythm (Zylka, et al., 
1998; Yamazaki, et al., 2000; Miller, et al., 2007; McCarthy, et al., 2007). MyoD, a skeletal muscle-
specific bHLH transcription factor important in regulating myogenesis and differentiation, is 
regulated by the circadian clock and is specifically upregulated by BMAL1:CLOCK (Andrews, et al., 
2010). In addition, the myogenic regulatory factor Myogenin oscillates with a circadian rhythm in 
mouse muscle samples (Shavlakadze, et al., 2013). Undoubtedly, human and mouse muscle cells 
have a functioning circadian clock that regulates muscle-specific gene expression.  
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Studies have demonstrated that forced or voluntary scheduled exercise regimes can be used to 
entrain and enhance re-entrainment of circadian rhythms in mice, observed through their sleep-
wake and drinking rhythms (Edgar and Dement, 1991; Marchant and Mistlberger, 1996; Yamanaka, 
et al., 2008). Studies in humans have also demonstrated that a night-time pulse of exercise was able 
to shift and delay the circadian clock, recorded through the plasma levels of two robust circadian 
oscillating hormones, thyrotropin and melatonin (Van Reeth, et al., 1994; Buxton, et al., 1997; 
Barger, et al., 2004). Resistance exercise regimes have also proven effective in entraining circadian 
rhythms (Zambon, et al., 2003). Furthermore, recent experiments in Drosophila have demonstrated 
that diurnal cycles of mechanical stimuli, vibration, and silence, are sufficient to entrain the circadian 
clock through daily locomotor activity (Simoni, et al., 2014). This research demonstrates how 
exercise can be used to entrain circadian rhythms in humans and reveals temporal feedback from 
behavioural outputs to the SCN, shown in Figure 1.5. Potential therapies may use time-scheduled 
exercise to reset circadian rhythms in individuals with jet lag, working night shifts or suffering from 
various diseases that affect their circadian rhythm.  
 
 
 
 
 
 
 
 
Figure 1.5. Diagram of the hierarchical structure of circadian rhythm synchronisation incorporating 
entrainment of peripheral clocks and the SCN by food uptake and exercise.  
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1.3.8 Muscle and Clock mutant mice 
Clock mutant mice have been used to observe how the loss of functioning circadian rhythms affects 
skeletal muscle gene expression, development, and function.  
1.3.8.1 Clock Δ19/ Δ19 
Microarray analysis from skeletal muscle in Clock Δ19/ Δ19 mice demonstrated that 30% of transcripts 
no longer oscillate or had a phase shift in expression, 35% had a change in expression level, and 79% 
were significantly downregulated. Many of these downregulated genes are muscle-specific genes 
important in muscle structure, such as the genes for titin and myosin heavy chain IIx (McCarthy, et 
al., 2007). Skeletal muscle from Clock Δ19/ Δ19 mice have abolished circadian MyoD expression, altered 
expression of MyoD target genes, disrupted myofilament architecture, and demonstrated a 30% 
reduction in normalised maximal force (Andrews, et al., 2010).  
1.3.8.2 Bmal1 -/- 
Bmal1 -/- mice exhibit age-related pathologies: growth retardation, disrupted and reduced locomotor 
activity, significantly reduced body weight due to fat loss and sarcopenia, hair-loss, and decreased 
longevity (Kondratov, et al., 2006). To observe whether muscle-specific rescue of Bmal1 restored the 
locomotor activity of these mice, Bmal1 knockout mice were rescued with a Bmal1 BAC transgene 
containing a human alpha actin-1 (Acta1) promoter, to rescue Bmal1 expression in skeletal muscle 
only (McDearmon, et al., 2006). This Bmal1 muscle-specific expression in Bmal1 knockout mice 
resulted in increased locomotor activity, although remaining non-circadian in behaviour, body 
weight was no longer significantly lower and strikingly, their longevity was restored (McDearmon, et 
al., 2006).  
1.3.8.3 Per -/- 
Mice with mutations in Per2 also have poor locomotor performance, in light: dark conditions they 
demonstrate short period locomotor activity but completely lose circadian rhythms under dark: dark 
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and free-running conditions (Bae, et al., 2006; Zheng, et al., 2001). Mice with homozygous Per1 
mutations entrained locomotor activity to light: dark conditions but had significantly shorter 
periodicity in locomotor activity in dark: dark conditions (Zheng, et al., 2001). In addition, mPer1 and 
mPer2 double mutants also exhibit normal periodicity under light: dark conditions but lose rhythms 
in locomotor activity under dark: dark conditions (Zheng, et al., 2001). Rhythms could not be 
restored in response to a light pulse (Zheng, et al., 2001).  
1.3.8.4 Cry -/- 
Cry1 knockout mice exhibit accelerated periodicity in locomotor activity under free-running 
conditions, and Cry2 knockout mice exhibit delayed periodicity in locomotor activity under free-
running conditions (van der Horst, et al., 1999). Cry1 and Cry2 double-knockout mice exhibit a 
complete loss of locomotor activity under free-running rhythm conditions (van der Horst, 1999). 
The research in this thesis focuses on the potential involvement of the circadian clock in regulating 
lamin A, and its importance in muscle maintenance. Accordingly, studies will begin to investigate 
whether the molecular clock and lamin A in musculoskeletal tissues are part of a feedback regulatory 
mechanism, and whether the manipulation of lamin A in muscle myoblasts directly disrupts core 
clock gene expression.  
1.4 Mechanical Stimulation 
1.4.1 Mechanotransduction  
The human body is subjected to mechanical forces ranging from sources such as gravity, ubiquitous 
force acting on the entire body, to tensile muscular force, which acts onto bone (Kohrt, Barry, and 
Schwartz, 2009). The detection and response to physical forces is essential to all cells, 
mechanotransduction refers to the process whereby cells ‘convert’ mechanical stimuli into biological 
signals. This enables cells to ‘sense’ their surroundings, provoking a cellular response to adapt their 
structure or functions accordingly. Many physiological functions such as embryonic development, 
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hearing, touch-sensitivity, and muscular stretch depend on mechanotransduction (Ingber, 2006). 
Tissues such as bone and blood vessels have been shown to undergo remodelling in response to 
mechanical loading and shear stress, respectively (Burr, 2002; Langille, 1996). Stem cells receive 
biophysical cues, such as substrate stiffness, which dictate differentiation during regeneration and 
development (Yim and Sheetz, 2012). Furthermore, mechanical stimulation impacts osteoblasts and 
myoblasts, triggering osteogenesis and myogenesis, respectively (Grossi, et al., 2007; Papachroni, et 
al., 2009). The research in this thesis will discuss the potential role of lamin A and circadian rhythms, 
in cells of the musculoskeletal system, for generating correct responses to mechanical stimulation. 
1.4.2 Responding to Mechanical Stretch 
Several molecules are proposed to act as biological mechanosensors: stretch-activated ion channels, 
transmembrane adhesion receptors, sarcomeric proteins (such as titin and myosin), and cell surface 
receptors. Integrin is a transmembrane receptor, consisting of α and β subunits, and connects the 
extracellular matrix (ECM) to the cytoskeleton to transmit signals such as mechanical stimulation 
(Burridge and Chrzanowska-Wodnicka, 1996). In response to ECM proteins binding to the receptor, 
integrin aggregates and triggers the accumulation of vinculin, α-actinin, talin, focal adhesion kinase 
(FAK), filamentous actin, and downstream signal transduction molecules, such as MEK, ERK, and 
RhoA, to form a plaque (Grinnell and Geiger, 1986; Burridge and Mangeat, 1984; Hanks, et al., 1992; 
Lewis and Schwartz, 1995; Miyamoto, et al., 1995). In response to these signals, cytoskeletal 
proteins reorganise and assemble actin filaments, anchor the cytoplasmic tails of integrin receptors, 
and form focal complexes. Focal complexes can mature to form more stable focal adhesions (FA), 
serving as a continuous connection between the ECM and the cytosol (Abercrombie and Dunn, 1975; 
Sastry and Burridge, 2000). Lamin A ensures that these FAs are stable; lamin A knockdown 
significantly decreases the size of FA contacts, leading to increased cell motility and more 
pronounced stress fibres (Corne, et al., 2017). Mechanical stimulation of cells may also result in an 
integrin-independent increase in tyrosine phosphorylated FAK (Hamasaki, et al., 1995). When cells 
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receive a mechanical signal, inducing cytoplasmic mechanotransduction pathways, the signal is 
propagated through the cell and cytoskeleton to the nucleus by the LINC complex. This facilitates the 
activation of nuclear mechanotransduction pathways and cascades – a pathway that is reliant upon 
the nuclear lamina and lamin A.  
1.4.3 The Response in the Nucleus: Signal Cascades  
Once the signal of mechanical stimulation passes successfully from the extracellular environment to 
the nucleus, specific signalling pathways such as MAPK, NF-ΚB, MRTF-A/SRF, and TGF-β are activated 
(Goodyear, et al., 1996; Ho, et al., 2005;).  
The MAPK signalling cascade involves three protein kinases; MAPKKK activation activates MAPKK by 
phosphorylation and consequently, activates MAPK by dual phosphorylation (Lange-Carter, et al., 
1993). These kinases up-regulate other components of the cascade including extracellular regulated 
kinases (ERK) 1 and 2, c-Jun NH2-terminal kinases (JNK), p38 MAPK, and ERK5/MAPKK, these are all 
up-regulated in response to mechanical stimulation (Goodyear, et al., 1996). Once activated, these 
signals modulate downstream gene expression through chromatin remodelling or by regulating the 
activity of transcription factors (Plotnikov, et al., 2011). During skeletal muscle contraction, JNK 
activation increases the expression of transcription factors c-jun and c-fos (Aronson, Dufresne and 
Goodyear, 1997). These are both regulators of cell proliferation, musculoskeletal-specific gene 
expression, DNA repair, apoptosis, and inflammation (Kovary and Bravo, 1991; Bishopric, Jayasena, 
and Webster, 1992; Xanthoudakis, et al., 1992; Kumari and Alvarez-Gonzalez, 2000; Morse, et al., 
2003).  
NF-ΚB consists of a family of five members, which interact to form active homo- and heterodimeric 
complexes: p50 (NF- ΚB1), p52 (NF- ΚB2), p65 (RelA), RelB, and c-Rel, and are up-regulated in muscle 
and cardiac tissue following contraction (Ho, et al., 2005; Balan and Locke, 2011; Thanos and 
Maniatis, 1995). Upon activation, the NF- ΚB family regulates the transcription of over 150 genes, 
important for inflammation, immunity, cell-adhesion, and cell-survival regulation (Pahl, 1999). 
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Accordingly, the activation of NF- ΚB serves to protect the muscle from oxidative stress, induce a 
brief pro-inflammatory response, and prevent apoptosis. 
MRTF-A and SRF are members of the Myocardin related transcription factors and MADS-box 
families, respectively. They interact to form a transcription complex and upregulate the transcription 
of many genes, including muscle-specific and growth-inducible genes (Wang, et al., 2001). In 
response to mechanical stimulation, Rho-actin-dependant signalling exposes a nuclear localisation 
signal in MRTF-A; once in the nucleus, it interacts with SRF and upregulates target gene expression 
(Miralles, et al., 2003; Hirano and Matsuura, 2011). The MRTF transcription factors are upregulated 
in response to muscle injury and regeneration, and are essential for skeletal muscle development 
and maintenance (Mokalled, et al., 2012; Cenik, et al., 2016).  
TGF-β is a transcription factor important in skeletal muscle development and regeneration. It inhibits 
muscle differentiation and represses muscle-specific proteins, such as MyoD and Myogenin, 
coordinating the onset of muscle regeneration (Liu, et al., 2001). It is also acts as a chemotactic 
factor and stimulates immune-response signalling cascades, such as the Smad pathways (Reibman, 
et al., 1991; Li, et al., 2006).  
1.4.4 Mechanotransduction in Muscle 
Recognising and responding to mechanical stimuli is essential for the development and function of 
the musculoskeletal system. Astronauts suffer from muscle atrophy, a reduction in muscle mass and 
strength, as a result of mechanical unloading from the force of gravity (Vandenburgh, et al., 1999). In 
skeletal muscle, the sarcolemma membrane surrounds the functional unit of myofibrils, called the 
sarcomere. Between sarcomere units lies costameres, identified as clusters of vinculin (Pardo, 
Siliciano, and Craig, 1983). Other FA proteins, such as talin, and complexes such as dystrophin-
glycoprotein and vinculin-talin-integrin are also located in these costameres (Belkin, Zhidkova, and 
Koteliansky, 1986; Ervasti and Campbell, 1993; Mondello, et al., 1996). Costameres are areas of 
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stable focal adhesion, ensuring constant organisation of the myofibrils and the transmission of force 
in lateral and longitudinal directions (Danowski, et al., 1992; Bloch and Gonzalez-Serratos, 2003).  
These mechano-sensing connections enable muscle fibres to sense and respond to their 
surroundings. Receiving signals of mechanical stimulation triggers essential signal cascades for 
muscle cells, such as MAPK (Goodyear, et al., 1996). Mechanical stimulation of human muscle 
samples upregulates the expression of ERK1/2, JNK, and p38, with the highest upregulation observed 
in ERK1/2 expression (Widegren, et al., 1998). Mechanotransduction in humans is required for the 
development and maintenance of muscle cells (Arvind and Huang, 2017). 
1.4.5 Lamin A and Mechanotransduction 
Physical stress upregulates levels of lamin A, altering nuclear properties and gene expression, and 
making it an important ‘mechanostat’ factor in mechanotransduction (Swift, et al., 2013). Tissues of 
soft stiffness, such as brain and fat, experience little mechanical load, whilst stiffer tissues of the 
musculoskeletal system, such as bone and muscle, experience higher mechanical load. There is a 
correlation between higher levels of lamin A in musculoskeletal tissues that have a stiffer 
microenvironment (Swift, et al., 2013). Lamin A has an important role in muscle maintenance; it acts 
to alter the biophysical properties in cells residing within these tissues and is involved in MSC cell 
differentiation and migration (Chen, et al., 2018). Lamin A ensures effective transduction of 
mechanical signals to the nucleus, correct muscle-specific gene responses, and structural stability of 
the nucleus.  
Lamin A regulates the transcription of mechanosensitive genes; knockout or mutation of lamin A in 
human and mouse musculoskeletal cells alters their response to mechanical stimulation (Osmanagic-
Myers, Dechat, and Foisner, 2015). Undifferentiated skeletal muscle C2C12 cells transfected with 
wild type or autosomal dominant lamin A EDMD mutations demonstrate an increase in expression of 
MAPK signal cascade genes and enhanced nuclear translocation of activated ERK and JNK (Muchir, et 
al., 2007). A mouse model of the same EDMD mutation identified increased expression and nuclear 
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translocation of MAPK signal cascade genes in mouse hearts (Muchir, et al., 2007). In addition, 
embryonic fibroblasts from Lmna-deficient mice show attenuated NF-κB-regulated transcription in 
response to mechanical stimulation – despite an increase in the transcription factor bound to DNA 
(Lammerding, et al., 2004). Embryonic fibroblasts from lamin A knockout and DCM mice have 
impaired nuclear-cytoplasmic shuttling of mechanosensitive MRTF-A/SRF (Ho, et al., 2013). Finally, 
embryonic fibroblasts from Lmna knockout mice have altered TFG-β signalling and increased levels 
proliferation (Van Berlo, et al., 2005). These data support a role for lamin A in coordinating the 
transcription of musculoskeletal mechanosensitive pathways in response to mechanical stimulation 
in human and mice. 
1.5 Circadian Dynamics - The missing link  
The focus of this research is to investigate a potential link between circadian rhythms and lamin A. 
The function of lamin A in cells of the musculoskeletal system has been the focus of recent research 
and debate since the discovery that some muscular dystrophies are caused by mutations in Lmna; 
however, it remains unknown how mutations in Lmna lead to the observed tissue-specific 
pathogenesis. Currently, as outlined previously, two hypotheses form the basis of this research: the 
gene expression hypothesis and the mechanical stress hypothesis. The research in this thesis 
predicts that the missing link in this research is circadian dynamics, and the temporal regulation of 
tissue-specific gene expression, genome organisation, and mechano-sensitive signalling pathways.  
Recent work identified that the nuclear lamina temporally regulates the expression of circadian 
genes through interactions with chromatin (Zhao, et al., 2015). Driven by poly [ADP-ribose] 
polymerase 1 (PARP1) and CCCTC-binding factor (CTCF), circadian genes are repressed at the nuclear 
periphery and released for active expression in a circadian manner, when temporally required (Zhao, 
et al., 2015). Furthermore, chromosome conformation capture (Hi-C) and circular chromosome 
conformation capture (4C) techniques have identified circadian rhythmicity in DNA looping and 
chromatin promoter-enhancing interactions (Kim, et al., 2018; Mermet, et al., 2018). This provides a 
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mechanism by which lamin A is suggested to be involved in controlling and regulating the circadian 
timing system, and highlights a mechanism whereby it may regulate further genes in a circadian 
manner. Functioning circadian rhythms are vital in muscle development and maintenance. In 
laminopathy patients, this mechanism of circadian clock regulation by lamin A may be lost and may 
contribute to the phenotype of musculoskeletal pathologies (Briand and Collasa, 2018). 
This work supports the hypothesis that lamin A and a subset of circadian genes are bi-directionally 
regulated. This research predicts that the circadian clock upregulates lamin A expression, and lamin 
A exerts feedback to negatively regulate the expression of one or more core clock genes.  
1.6 Circadian Dynamics and Lamin A 
1.6.1 Circadian Dynamics: Gene Expression Hypothesis 
The “gene expression” hypothesis surrounds the research that lamin A regulates muscle-specific 
transcription factors, muscle-specific chromosome organisation, and progression through the cell 
cycle. In laminopathy patients, this hypothesis predicts tissue-specific regulation is lost, having direct 
consequences on muscle development and maintenance. A missing factor to consider in this 
hypothesis is the regulation of these regulatory pathways by the circadian clock. Muscle-specific 
transcription factors that are regulated by lamin A, such as MyoD and Myogenin, are also subject to 
circadian regulation (Andrews, et al., 2010; Shavlakadze, et al., 2013). In addition, 3D nuclear 
architecture and chromosomal organisation oscillates with a circadian rhythm, facilitating the daily 
relocation of genes to repressive and active states, many of which may be muscle-specific (Aguilar-
Arnal, et al., 2013; Chen, et al., 2015a; Kim, et al., 2018; Mermet, et al., 2018). Lastly, the circadian 
clock regulates or ‘gates’ entry to phases of the cell cycle. Entry into G2/M is controlled by 
BMAL1:CLOCK regulation of WEE1 kinase, and entry into G1 is controlled by BMAL1 regulation of 
p21WAF1/CIP1 (Matsuo, et al., 2003; Gréchez-Cassiau, et al., 2008). Therefore, the gene expression and 
transcription factor regulation important for the gene expression hypothesis are also processes that 
are subject to circadian clock control.  
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1.6.2 Circadian Dynamics: Mechanical Stress Hypothesis  
The mechanical stress hypothesis suggests that musculoskeletal cells are subject to periodic levels of 
mechanical stress, and lamin A-dependant mechanical pathways are essential in mounting 
protective adaptive responses. The nuclear lamina structurally supports the nucleus and regulates 
mechanosensitive pathways; the circadian clock is also central to mechanosensitive-signalling 
pathways in musculoskeletal cells. Transcription factors such as MAPK, NF-κB, SRF, and TGF-β are all 
also under circadian clock control (Obrietan, Impey, and Storm, 1998; Spengler, et al., 2012; Gerber, 
et al., 2013; Kon, et al., 2008; Yang, et al., 2017).  In addition, lamin A is involved in protective 
responses to oxidative stress and the suppression of ROS, which increases in response to exercise 
(Lattanzi, et al., 2012; He, et al., 2016). Circadian rhythms are responsible for orchestrating 
protective responses to oxidative stress; peroxiredoxin oscillates with a circadian rhythm and is 
involved in peripheral clock synchronisation through corticosterone entrainment (Kil, et al., 2012; 
Rhee, 2016). Additionally, the accumulation of ROS resets the circadian clock through a hydrogen 
peroxide responsive circadian pathway (Tamaru, et al., 2013; Schippers, et al., 2013). Therefore, the 
pathways of the mechanical stress hypothesis are regulated by both lamin A and the circadian clock.   
1.6.3 Circadian lamin A Dynamics: Research Focus 
This research predicts that lamin A and the circadian clock are part of a feedback regulatory pathway 
important for the correct development and maintenance of musculoskeletal tissues. Research has 
shown that muscles from clock gene and Lmna mutant mice are reduced, weak, and respond 
incorrectly to mechanical stimulation. This research aims to uncover a temporal feedback 
relationship between lamin A and the circadian clock, and determine whether the musculoskeletal 
core clock is mechanosensitive. Future research has the potential to discover new circadian and 
mechanical pathways within muscle cells that can be manipulated. This may provide future avenues 
for novel therapeutic and pharmacological strategies to enhance tissue-specific cell differentiation 
and reverse tissue deterioration in disease. 
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1.7 Hypothesis and Aims 
1.7.1 Hypothesis 
The hypothesis of this research is that lamin A and the circadian clock bi-directionally regulate one 
another; that lamin A is under direct circadian clock control in musculoskeletal tissues, and that 
lamin A feeds back to regulate and manipulate the clock. Furthermore, the circadian clock in muscle 
cells will be mechanosensitive and that this is transduced to the clock by a lamin A-regulated signal.  
1.7.2 Aims 
 Identify whether lamin A is under clock control, focusing on muscle cells.  
 Determine whether circadian clock genes are responsive to lamin A manipulation, through 
utilising knockdown and overexpression experiments.  
 Determine whether circadian clock genes are mechanosensitive in muscle cells and 
investigate whether this response is mediated by lamin A.  
 Create mathematical models of potential lamin A and circadian gene interactions to enhance 
mechanistic studies and assist experimental laboratory studies. 
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2. Methods 
2.1 Cell Culture 
2.1.1 Cell Passage 
Undifferentiated murine embryonic myoblasts (C2C12; Yaffe and Saxel, 1977), wild-type (WT) Mouse 
Embryonic Fibroblasts (MEF), Cry-/- MEFs (kind gift from Gilbert van der Horst; Yagita, et al., 2001), 
and NIH/3T3 mouse embryonic fibroblast cells (Jainchill, et al., 1969) were used in all cell culture 
experiments. These were cultured in growth media: Dulbecco’s Modified Eagle's Medium (DMEM; 
Sigma) high glucose supplemented with 10% (v/v) Foetal Bovine Serum (FBS; Sigma), 2nM L-
Glutamine (L-Glu) (Sigma), 0.1mg/mL Penicillin/Streptomycin (Pen/Strep) (Sigma), and maintained in 
incubators at 37°C, 5% CO2, and atmospheric oxygen (21.6%). Cells were passaged using 1% trypsin 
(Sigma) and were not used in experiments if they exceeded passage 15. 
2.1.2 Primary Cell Culture and Tissue Collections 
2.1.2.1 Myoblast Isolation 
Muscle was stripped from the hind legs of Per2::Luc mice (Jackson Laboratories), shortly after they 
were culled using an increasing concentration of CO2. The muscle was minced to produce a slurry 
and incubated at 37°C for 1 hour in F12C media (Sigma) supplemented with 2nM L-Glutamine, 1.5 
U/mL collagenase D (Sigma), and 2.4U/mL Dispase II (Sigma). Digests were centrifuged at 300 g for 5 
minutes to pellet the cells and re-suspended in F12 supplemented with 10% FBS, 5% horse serum, 
2nM L-Glutamine, 0.1mg/mL Pen/Strep, and 2.5 ng/mL FGF (Peprotec). The cells were plated in a 
laminin coated flask and maintained in incubators at 37°C, 5% CO2, and atmospheric oxygen (21.6%). 
Primary myoblasts were passaged using 0.025% Trypsin (Sigma) and maintained for up to 3 weeks in 
culture. 
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2.1.2.2 Tissue Dissections 
Tissues were collected from C57BL/6J mice (Wild Type, WT; Jackson laboratories). The dark: dark 
circadian time-course utilised constant dark housing conditions for 5 days prior to sample collection. 
Samples were collected every 4 hours between CT2 to CT22 hours, and red light was used until the 
mice were culled and their heads removed. Gastrocnemius muscles were collected, stored in RNA 
later (Biorad), and frozen at −80°C. 
2.1.2.3 Muscle homogenisation  
Muscle was homogenised in 2 mL microcentrifuge tubes (Thermo Fisher Scientific) with MP 
Biomedicals™ Lysing Matrix D (Thermo Fisher Scientific) homogenising beads with the addition of 1 
mL Purezol (Biorad). The tubes were homogenised on FastPrep-24™ Classic Grinder (MP Bio) for five 
cycles of 6.5 m/s for 25 seconds or until no visible muscle was left remaining in the tube, with 5 
minutes rest on ice between cycles. Once homogenisation was complete, the Purezol containing the 
homogenised muscle sample was transferred to a new tube, and RNA and protein isolation 
completed (section 2.4.1 and section 2.5.1, respectively). 
2.2 Cell Cycle FACS Analysis  
2.2.1 Time-course FACS Collections 
C2C12 myoblasts were grown in 12-well plates until 80% confluent, they were synchronised by 
serum shock with 50% horse serum for 2 hours. After 24 hours, the cells were collected every 4 
hours through incubation with trypsin, centrifuged at 500 g, the pellet was washed in Phosphate 
Buffered Saline (PBS), and the cells were fixed in 70% cold ethanol for 30 minutes at 4°C. After two 
PBS washes, the cells were centrifuged at 850 g for 5 minutes and the supernatant was discarded. 
The cells were then treated with 5µg ribonuclease in PBS for 30 minutes at 37°C, prior to the 
addition of 10µg of Propidium Iodide to label the DNA. Samples were left on ice until analysis.  
61 
 
2.2.2 FACS Analysis 
Using a BD Accuri C6 Flow Cytometer (BD Biosciences), the side scatter and forward scatter were 
measured to select single cells. Next, the pulse area vs. pulse height was measured to exclude cell 
doublets, and PI emission and forward scatter were measured to identify labelled cells. Each plot 
was gated to identify single and labelled cells, and dead cells and debris were removed; these gates 
are combined and applied to the PI plot. Finally, cell count is plotted against PI to create a plot of 
cells that have levels of DNA respective to G1, S or G2/M phases; as shown in Figure 2.1, these 
phases reflect a single set of chromosomes, actively replicating chromosomes or a full set of 
replicated chromosomes that are ready for mitosis, respectively.  
 
 
 
 
 
 
 
Figure 2.1. The stages in the cell cycle of chromosome replication and the correlation with FACS 
cell cycle analysis peaks. The first peak, G1 phase, represents a cell containing a single copy of each 
chromosome. The second peak, G2/M phase, represents a cell containing fully replicated sister 
chromatids. The area between these two peaks is S phase, and represents a cell that has actively 
replicating chromosomes that are not yet fully replicated to sister chromatids.   
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2.3 Immunocytochemistry  
2.3.1 Immunocytochemistry sample preparation 
C2C12 myoblasts or Per2::Luc primary myoblasts were grown in ibidi (Thistle Scientific) µ-slide 8 well 
chambers, until 80% confluence, and then synchronised by serum shock with 50% horse serum for 2 
hours. After 24 hours, sample collection began with cells being harvested every 4 hours. This 
involved removal of the media and incubation of the cells in 4% paraformaldehyde (PFA) (Sigma) for 
15 minutes at room temperature. Following this, the cells were incubated in 0.05% Triton X100 at 
4°C for 5 minutes to fix and permeabilise the cells. The cells were stored within the chambers in PBS 
(Sigma) at 4°C before staining the following day. To stain cell layers, they were first blocked with 1% 
Goat serum (Sigma) in PBS for 45 minutes at room temperature. Next, they were incubated in a 
1:1000 dilution of rabbit polyclonal anti-lamin A antibody (Sigma; L1293), diluted in PBS containing 
1% goat serum overnight at 4°C. Unbound primary antibody was then washed from the cells with 3x 
5-minute PBS washes before the addition of R532 goat anti-rabbit secondary (Invitrogen), diluted 
1:200 in 1% goat serum for one hour. Unbound secondary antibody was washed from the cells with 
3x 5-minute PBS washes and then 1:2000 dilution of 4',6-diamidino-2-phenylindole (DAPI) (Sigma) in 
PBS, was added for 5 minutes. Finally, the cells were then given 3x 5-minute PBS washes. 
2.3.2 Immunocytochemistry imaging and quantification  
Fixed C2C12 myoblasts or Per2::Luc myoblasts were imaged on a Nikon TE2000 microscope. DAPI 
images were converted to binary and used as a mask to outline the nucleus on Fiji (Fiji Is Just Image 
J) software, version 2.0. The integrated density of lamin A was measured and normalised to 
background levels. Nuclei with an area lower than 2000 or higher than 8000 were excluded- to 
account for mislabelled or merged nuclei. Any nuclei not selected under these criteria were manually 
added. A minimum of 150 and 50 cells were measured per image, for C2C12 cells and Per2::Luc cells 
respectively. Measurements for integrated density were averaged across at least 6 images and this 
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was repeated 3 times. Values shown relative to the mean integrated density for the first image in 
the 24-hour sample.  
2.4 Gene Expression Analysis 
2.4.1 RNA Extraction 
All RNA was extracted from Purezol (Biorad) collections; Chloroform was added at a ratio of 0.2:1 to 
each sample, samples were centrifuged at 12000 g for 15 minutes, and the RNA-containing aqueous 
phase was removed. An equal volume of isopropanol was added and the samples were incubated for 
10 minutes at room temperature. Precipitated total RNA was pelleted by centrifugation for 10 
minutes at 12000 g, the pellet was washed in 75% ethanol before being dissolved in RNAse-free 
water and stored at -80°C until required in downstream applications. A Nanodrop 2000 (Thermo 
Scientific) was used to determine the concentration of RNA in each sample. 
2.4.2 cDNA Synthesis  
cDNA was synthesised from RNA using High-Capacity cDNA Reverse Transcriptase kit (Applied 
Biosystems). A single reaction contained; 2.0μL of 10X RT Buffer, 0.8μL 25X dNTP Mix (100mM), 
2.0μL 10X RT Random Primers, 1μL MultiScribe™ Reverse Transcriptase, and 14.2μL of 1μg RNA and 
Nuclease-free H2O. These were placed into a thermocycler to perform reverse transcription at the 
following conditions; 25°C for 10 minutes, 37°C for 2 hours, and 85°C for 5 minutes. cDNA was stored 
at -20°C until required for further analysis. 
2.4.3 qRT-PCT 
Quantitative real-time PCR (qRT-PCR) was carried out using a CFX Connect Real-Time System 
(BioRad). Each qRT-PCR reaction consisted of 5μL Sybr Green (Eurogentec), 1.5μL RNAse-free water, 
0.25μL of each 1μM Primer – forward and reverse, and 3μL cDNA. Primer sequences used in this 
thesis are shown in Table 2.1. The reaction protocol consisted of 95°C for 3 min, followed by 40 
amplification cycles of 95°C for 10 seconds, and 60°C for 30 seconds. Data were analysed using the 
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Pfaffl method for relative quantification (Pfaffl, 2001) and genes were normalised to the house-
keeping gene β-Actin. A literature review identified β-Actin has been used as a house-keeper in 
studies investigating the response of cells to lamin A knockdown with siRNA, lamin A overexpression, 
and mechanical strain (Muchir, Wu, and Worman, 2009; Cesarini, et al., 2015; Boguslavsky, Stewart, 
and Worman, 2006; Zuo, et al., 2012; Kumar, et al., 2004; Chang, et al., 2016).  
2.4.4 Primer Sequences 
Table 2.1. Primer Sequences used in all studies. 
Primer Name Sequence (5’-3’) 
Actin F CTGCCTGACGGCGAGG 
Actin R GGAAAAGAGCCTCAGGGCAT 
Clock F ATGGTGTTTACCGTAAGCTGTAG 
Clock R CTCGCGTTACCAGGAAGCAT 
Bmal1 F TGACCCTCATGGAAGGTTAGAA 
Bmal1 R GGACATTGCATTGCATGTTGG 
Per1 F CGGATTGTCTATATTTCGGAGCA 
Per1 R TGGGCAGTCGAGATGGTGTA 
Per2 F GAAAGCTGTCACCACCATAGAA 
Per2 R AACTCGCACTTCCTTTTCAGG 
CRY1 F CACTGGTTCCGAAAGGGACTC 
CRY1 R CTGAAGCAAAAATCGCCACCT 
Rev-erbα F TACATTGGCTCTAGTGGCTCC 
Rev-erbα R CAGTAGGTGATGGTGGGAAGTA 
Lmna F ACCCCGCTGAGTACAACCT 
Lmna R TTCGAGTGACTGTGACACTGG 
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2.4.5 Primer Efficiencies 
Efficiencies were calculated by completing qRT-PCR reactions for each primer set with a cDNA 
sample at 1:1, 1:2, 1:4, 1:8, 1:16, and 1:32 dilutions. The log of the sample cDNA dilution was plotted 
against the Ct value (a set threshold value that the reaction exponentially increases to when the 
SYBR green is detected), and the slope of the line of best fit is calculated, shown in Figure 2.3.  As 
described by Pfaffl, once the slope of the line has been determined, the efficiency of the primer in 
one cycle of the exponential phase is calculated through the equation E = 10[
–1/slope] (Pfaffl, 2001). 
An output efficiency of 2 is equivalent to 100% efficiency; an output of 1.9 and 2.1 represents 90% 
and 110%, respectively.  
Once the primer efficiencies have been calculated, they need to be incorporated into the qRT-PCR 
calculations. The expression of a gene of interest in a sample is calculated as a ratio of a control 
sample normalised to a reference gene, shown in Figure 2.2. E(target) is the primer efficiency of 
target primer; E(ref) is the primer efficiency of the reference gene primer, or housekeeping gene; 
ΔCt target is the Ct deviation of the sample subtracted from the control sample from the gene of 
interest; ΔCt ref is the Ct deviation of the sample subtracted from the control sample for the 
reference gene. Therefore, the calculation of the Pfaffl Ratio requires the individual q-RT-PCR primer 
efficiencies and the Ct deviation (ΔCt) for the gene of interest and reference gene in the control and 
sample of interest.  
 
 
 
 
Figure 2.2. The Pfaffl Equation used to calculate gene ratio changes between a control and a 
sample, normalised to a reference gene (Pfaffl, 2001). 
 
                    E(target)
ΔCt target (control - sample)
 
Ratio =     
                       E(ref)
ΔCt ref (control- sample)
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Figure 2.3 qRT-PCR of serial diluted cDNA with primer pairs to determine Primer Efficiency. The Ct 
value was plotted against the cDNA dilution and the slope of the line was used to determine the 
primer efficiency. The slope and respective primer efficiency are displayed with each graph (Pfaffl, 
2001). 
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2.5 Protein Analysis  
2.5.1 Cell culture protein sample preparation  
Protein lysates in the organic phase from samples collected in Purezol (Biorad) were precipitated in 
ice-cold acetone and centrifuged at 12000 g. The resultant pellet was washed in T-PER™ Tissue 
Protein Extraction Reagent (Pierce), and resuspended in T-PER lysis buffer and 4x Laemmli Sample 
buffer (BioRad). Prepared protein samples were boiled for 5 minutes at 95°C, centrifuged for 5 min 
at 10000 g, and stored at -20°C until required for further analysis. 
2.5.2 Tissue Protein Extraction 
Tissue samples were snap frozen in liquid nitrogen and homogenised in an Eppendorf with an 
Eppendorf micropestle (Sigma). 4x Laemmli and T-Per lysis buffer were added, and the homogenised 
powder was re-suspended. Samples were frozen at -20°C until required.  
2.5.3 Western Blotting 
2.5.3.1 SDS-PAGE Electrophoresis 
20μL of each sample protein and 3μL of Precision Plus Protein™ Dual Colour Standards Ladder 
(BioRad) were loaded onto a 10% polyacrylamide gel (1mm thick). Proteins were separated by 
electrophoresis in 1x electrophoresis buffer (0.025M Tris, 0.0192M Glycine, 0.01% (w/v) Sodium 
dodecyl sulfate (SDS), pH 9.2), initially at 80V and increasing to 100V and 120V as the proteins 
progressed through the gel. Electrophoresis was stopped once the loading dye reached the bottom 
of the gel. 
2.5.3.2 Protein Transfer 
Following separation by electrophoresis, proteins were transferred onto a nitrocellulose membrane 
(Millipore) using the wet transfer method, shown in the schematic in Figure 2.4.  
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Figure 2.4. Assembly order of transfer sandwich components required for the Western blot wet 
transfer method. The gel is placed next to the membrane and sandwiched between filter paper, 
sponges, and the transfer cassette. All air bubbles are removed and the cassette is placed in the 
transfer apparatus with transfer buffer. The electrodes are placed on top of the sandwich and the 
gel is nearest the black electrode. 
 
The nitrocellulose membrane and gel were sandwiched between six pieces of 3mm Whatman paper 
(three on each side). This assembly was then placed into a cassette, soaked in transfer buffer (1% 
electrophoresis buffer (pH 9.2), 20% methanol (v/v)), and the proteins were blotted onto the 
membrane using a current of 200mA for 90 minutes at room temperature. 
2.5.3.3 Antibody Protein detection  
The membrane was sequentially washed three times for 5 minutes each in Blot Rinse Buffer/Tween 
(100 mM Tris pH 7.4, 100 mM NaCl, 50 mM EDTA (pH 7.8), 0.1% (v/v) Tween 20), blocked for 1 hour 
at room temperature in 5% dried skimmed milk powder/PBS, and probed with primary antibodies 
against β-ACTIN and LMNA (1:2000, in PBS containing 5% dried skimmed milk powder) for either 1 
hour at room temperature or overnight at 4°C with agitation.  
Secondary fluorescence IRDye® antibodies for Goat anti-Rabbit 800CW and Goat anti-Mouse 680RD 
diluted in 5% milk (1:20000; Licor) were incubated at room temperature for an hour. After washing 
the membranes three times for 5 minutes in Blot Rinse Buffer/Tween, blots were imaged using a  
LI-COR Odyssey. The intensity of LMNA protein bands were normalised to β-ACTIN bands and 
quantified using the densitometry analysis tool on Image Studio Lite software (Version 5.2). 
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69 
 
2.6 Genetic Techniques  
2.6.1 siRNA 
2.6.1.1 Transient 48-hour siRNA transfection 
C2C12 myoblasts were seeded into a 12-well plate and grown until 60% confluency. siRNA 
complexes were formed by the addition of 1.6μL Dharmafect and 5nM validated lamin A siRNA or 
scrambled control siRNA per 12-well reaction, to serum and antibiotic-free media, and incubated at 
room temperature for 20 minutes. The media containing siRNA complexes was added to C2C12 
myoblasts with fresh growth media containing antibiotics. The cells were incubated for 48 hours, 
collected in 200μL Purezol (Biorad), and stored at -20°C before subsequent RNA and protein analysis. 
2.6.1.2 siRNA time-course 
C2C12 myoblasts were seeded into 12-well plates and grown until 60% confluency. Cells were 
transfected with 5nM validated lamin A siRNA or scrambled control complexes as described above. 
After 24 hours, they were synchronised by the addition of 100 nM Dexamethasone (Dex) to the 
media for 45 minutes and after 24 hours, collections were completed every 4 hours for 24 hours. 
Samples were collected in 200μL Purezol (Biorad) and stored at -20°C before further processing.  
2.6.2 Plasmid Transfections 
2.6.2.1 Plasmid Preparation 
Plasmids stubs were stored at 4°C and glycerol stocks at -80°C until they were streaked out onto LB 
agar plates with the relevant antibiotic and left at 37°C overnight. Single colonies were picked and 
grown in starter cultures of 5mL LB Broth, containing the relevant antibiotic. After 8 hours, 100uL of 
starter culture was added to 100mL of LB Broth, containing the relevant antibiotic, to grow a larger 
culture. The larger culture was spun down at 6000 g for 15 minutes and the pellet stored at -20°C 
until required for further processing. A Maxi prep for Plasmid Purification (Qiagen) was completed 
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on the frozen pellets following manufacturer’s instructions and DNA was eluted into 500uL of water. 
DNA plasmid concentration was calculated using a Nanodrop spectrophotometer.  
 
Table 2.2. Plasmids used in gain-of function studies. 
Plasmid  Supplier and catalogue number/reference Relevant antibiotic 
and Concentration 
pLPC-LaminA  Gerardo Ferbeyre. Addgene; 69059. 
(Moiseeva, et al., 2015).  
Ampicillin 100ug/mL 
pcDNA3 Invitrogen, Laboratory Stock N/A 
Emerin pEGFP-N2 
(588)  
Eric Schirmer. Addgene; 61985 (Zuleger, et al., 
2011). 
Kanamycin 100ug/mL 
pmaxGFPTM Amaxa. Laboratory stock  Kanamycin 100ug/mL 
Bmal1::Luc Kind gift from Prof. Qing Jun Meng. (Meng, et 
al., 2008) 
Hygromycin 400ug/mL 
Per2::Luc Kind gift from Prof. Qing Jun Meng. (Meng, et 
al., 2008) 
N/A 
Bmal1 Kind gift from Dr. Kazuhiro Yagita (Kyoto 
Prefectural University of Medicine, Japan).  
N/A 
Clock Kind gift from Dr. Kazuhiro Yagita (Kyoto 
Prefectural University of Medicine, Japan). 
N/A 
Cry1 Kind gift from Dr. Kazuhiro Yagita (Kyoto 
Prefectural University of Medicine, Japan). 
N/A 
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2.6.2.2 Transient 48-hour plasmid transfection  
C2C12 myoblasts were seeded into 12-well plates and grown to 60% confluency. For each well of a 
12-well plate 1ug of lamin A or pcDNA3 plasmid was added to 5μL PolyFect (Qiagen), mixed in 
serum-free medium, and incubated for 10 minutes at room temperature to allow complex 
formation. C2C12 myoblasts were changed to fresh growth medium containing antibiotics before 
the addition of serum-free medium containing the plasmid complexes. Cells were incubated for 48 
hours, collected in Purezol (Biorad) and stored at -80°C before subsequent RNA and protein analysis.  
2.6.2.3 Plasmid time-course 
C2C12 myoblasts were seeded into 12-well plates, grown until 60% confluency, and transfected with 
1μg of lamin A or pcDNA3 plasmid complexes as described above. After 24 hours they were 
synchronised by the addition of 100nM Dexamethasone to the media and after a 24 hours, samples 
were collected every 4 hours for another 24 hours. Samples were collected in 200μL Purezol (Biorad) 
and stored at -20°C until analysis.  
2.6.2.4 Stable Bmal1::Luc Plasmid transfection 
2.6.2.4.1 Kill curve 
To generate stable cell lines of C2C12 myoblasts transfected with Bmal1::Luc (Luciferase Reporter) 
plasmid a plasmid containing Hygromycin resistance cassette was used (Meng, et al., 2008). Firstly, 
the minimum concentration of Hygromycin (Santa Cruz) antibiotic required to kill C2C12 myoblasts 
within 5 days was ascertained. C2C12 cells were seeded into 6-well plates and grown to 50% 
confluency and then treated with 0μg/mL, 50μg/mL, 100μg/mL, 200μg/mL, 400μg/mL or 1mg/mL of 
Hygromycin. After 5 days, 400μg/mL and 1mg/mL had killed all of the cells in the well whereas cells 
still survived at the lower concentrations of Hygromycin (Figure 4.16). Consequently, 400μg/mL was 
used in subsequent stable transfection experiments.  
72 
 
2.6.2.4.2 Stable Transfection 
C2C12 myoblasts were seeded into a 6-well plate and grown to 60% confluency. Transfection 
complexes were set up by the addition of 1μg Bmal1::Luc plasmid and 10μL of PolyFect to serum and 
antibiotic-free media, and after 10 minutes incubation at room temperature these were added to 
the C2C12 myoblasts.  After 48 hours, 400μg/mL of Hygromycin was added to the transfected cells. 
The Bmal1::Luc myoblasts were maintained in 200μg/mL of Hygromycin, passaged twice and used 
immediately for experiments or frozen in 10% DMSO in FBS.  
2.6.3 LumiCycle 
2.6.3.1 LumiCycle recording 
Bmal1::Luc myoblasts were seeded in 35mm dishes and allowed to reach 90-100% confluency. They 
were then exposed to 100nM Dexamethasone for 45 minutes to synchronise the cells and after 24 
hours, the media was changed to LumiCycle media, (phenol-red free DMEM supplemented with: 
20% FBS, 10mM HEPES (Sigma), 1mM Sodium Pyruvate (Sigma), 2nM L-Glutamine, and 100nM 
Luciferin (Promega). Dishes were sealed with vacuum greased cover slips and placed into the 
carousel unit of a 32 channel LumiCycle recording apparatus (Actimetrics). The LumiCycle channels 
facilitated high-throughput photon counting of the 32 samples to read the Luciferase signal and 
traces were analysed using LumiCycle Analysis software (Acimetrics). 
2.6.3.2 LumiCycle lamin A siRNA transfection 
C2C12 myoblasts stably transfected with Bmal1::Luc plasmid, were seeded into 35mm dishes and 
grown to 60% confluency. siRNA complexes were formed by the addition of 5nM validated lamin A 
siRNA or scrambled control to 3.2μL Dharmafect, to serum and antibiotic-free media, for each 35mm 
dish reaction, and were incubated at room temperature for 20 minutes. Fresh media containing 
antibiotics was added to the cells, before the addition of the siRNA complexes. After 24 hours, the 
cells were treated with 100nM Dexamethasone to synchronise the cells. After another 24 hours, the 
73 
 
media was changed to LumiCycle media, the dishes sealed with vacuum greased coverslips, and the 
cells were placed in the LumiCycle. 
2.6.3.3 LumiCycle lamin A plasmid transfection 
C2C12 myoblasts with stable Bmal1::Luc transfection, were seeded into 35mm dishes and grown to 
60% confluency. The relevant volume of lamin A or pcDNA3 plasmid that constitutes 1.5μg and 10μL 
PolyFect (Qiagen) – per 12-well, were mixed in serum-free medium and incubated for 10 minutes at 
room temperature to allow complex formation. The myoblasts were changed to fresh growth 
medium with antibiotics before the addition of the serum-free medium containing the plasmid 
complexes. After 24 hours, the myoblasts were treated with 100nM of Dexamethasone to 
synchronise the cells. After a further 24 hours, the media was changed to LumiCycle media, the 
dishes sealed with vacuum greased cover slips, and placed in the LumiCycle. 
2.6.4 Luciferase Reporter Transfections 
2.6.4.1 Luciferase Reporter transfections: lamin A increasing concentration 
NIH-3T3 cells were seeded into 12-well plates and grown to 60% confluency. Transfection complexes 
contained 500ng Per2::Luc (Luciferase Reporter) or Bmal1::Luc, alongside increasing concentrations 
of lamin A plasmid. Each complex contained 2.5μL PolyFect per well and concentrations of lamin A 
plasmid were 50ng, 100ng, 200ng, or 500ng. pcDNA3 was added where necessary to ensure that the 
same levels of total plasmid was transfected into cells and β-Galactosidase reporter plasmid was 
transfected as a control to determine transfection efficiency. After 48 hours, the 3T3 cells were 
collected in Dual Assay Reporter Lysis buffer (Applied Biosystems), frozen at -80°C, and subsequently 
analysed using the Chemiluminescent Reporter Gene Assay System for the Combined Detection of 
Firefly Luciferase and β-Galactosidase, Dual-Light System (Applied Biosystems) following the 
manufacturer’s protocol. Luminescence for the Luciferase and β-Galactosidase reporter enzyme 
reactions was measured using a GloMax®-Multi Detection System (Promega). 
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2.6.4.2 Luciferase Reporter transfections: lamin A, Bmal1 and Clock 
3T3 cells were seeded into 12-well plates and grown to 60% confluency. Transfection complexes 
contained 500ng Per2::Luc-Luciferase Reporter, alongside combinations of Bmal1, Clock, and lamin A 
plasmid. Each complex contained 2.5μL PolyFect per well and Bmal1 and Clock plasmid was used at 
200ng:200ng with or without lamin A plasmid at 500ng. pcDNA3 was added where necessary to 
ensure that the same levels of total plasmid were transfected into cells. In addition, β-Galactosidase 
reporter plasmid was co-transfected as a control to determine transfection efficiency. After 48 
hours, the 3T3 cells were collected in Dual Assay Reporter Lysis buffer (Applied Biosystems), frozen 
at -80°C, and subsequently analysed using the Chemiluminescent Reporter Gene Assay System for 
the Combined Detection of Firefly Luciferase and β-Galactosidase, Dual-Light System (Applied 
Biosystems) following the manufacturer’s protocol. Luminescence for the Luciferase and β-
Galactosidase reporter enzyme reactions was measured using a GloMax®-Multi Detection System 
(Promega). 
2.6.4.3 Luciferase Reporter transfections: lamin A and Cry1 
3T3 cells were seeded into 12-well plates and grown to 60% confluency. Transfection complexes 
contained 500ng Bmal1::Luc, alongside combinations of Cry1 and lamin A plasmid. Each complex 
contained 2.5μL PolyFect per well and Cry1 was transfected at 200ng with or without lamin A at 
500ng. pcDNA3 was added where necessary to ensure that the same levels of total plasmid were 
transfected into cells and β-Galactosidase reporter plasmid was transfected as a control for 
transfection efficiency. After 48 hours, the cells were collected in Dual Assay Reporter Lysis buffer 
(Applied Biosystems), frozen at -80°C, and subsequently analysed using the Chemiluminescent 
Reporter Gene Assay System for the Combined Detection of Firefly Luciferase and β-Galactosidase, 
Dual-Light System (Applied Biosystems) following the manufacturer’s protocol. Luminescence for the 
Luciferase and β-Galactosidase reporter enzyme reactions was measured using a GloMax®-Multi 
Detection System (Promega). 
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2.6.4.4 Luciferase Reporter transfections: Calculations 
The luminescence values for both Luciferase and β-Galactosidase reporter enzyme reactions were 
normalised to background levels through subtracting luminescence levels measured from empty 
wells on the 96-well plate. The luminescence values from the Luciferase reporter could then be 
normalised to the β-Galactosidase reporter plasmid, which accounts for differing transfection 
efficiencies or cell numbers. The mean luminescence values for each replicate condition could then 
be calculated.  
2.7 Mechanical in vitro loading 
2.7.1 Myoblast BioFlex Strain 
C2C12 or primary Per2::Luc myoblasts were seeded onto BioFlex culture plates coated with laminin 
(Flexcell International) and allowed to reach 70-80% confluency. Laminin coated plates were chosen 
as it is an excellent substrate for the short-term and long-term maintenance of myogenic cell 
cultures (Penton, et al., 2016; Soriano-Arroquia, et al., 2017). The BioFlex plates were then subject to 
equibiaxial 6.66% strain at a frequency of 1Hz applied via the computer-controlled Flexcell® FX-
5000™ Tension System, for 24 hours. 6.66% strain was chosen as similar percentages have been 
applied to myoblasts in recent studies (Zhan, et al., 2006; Nakai, et al., 2010; Chen, et al., 2013; 
Chang, et al., 2016). The Flexcell system generates strain on the Bioflex membranes through 
applying a vacuum underneath the membrane to stretch it over the underlying loading posts, as 
shown in Figure 2.5. Samples were collected in 300μL of Purezol and stored at -20°C until required 
for downstream analysis.  
 
  
  
 
Figure 2.5. Schematic diagram depicting Flexcell vacuum induced strain of BioFlex membrane.  
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2.7.2 Differentiated myotube BioFlex Strain 
C2C12 or primary Per2::Luc myoblasts were seeded onto BioFlex culture plates coated with laminin 
(Flexcell International). Once they were 60% confluent, the media was changed to low serum 
differentiation media (DMEM; 2% horse serum; 2nM L-Glu, 0.1mg/mL Pen/Strep). After 10 days 
differentiation, C2C12 and Per2::Luc myotubes were synchronised by serum shock with 50% horse 
serum for 2 hours. The BioFlex plates were then subject to equibiaxial strain applied via the Flexcell® 
FX-5000™ Tension System, for 24 hours. Samples were collected in 300μL of Purezol and stored at -
20°C until required for downstream analysis.  
2.7.3 siRNA BioFlex Strain 
C2C12 myoblasts were seeded onto BioFlex culture plates coated with laminin (Flexcell 
International). Once they were 60% confluent the media was changed and siRNA complexes added. 
These complexes were formed by the addition of 3.2μL Dharmafect and 5nM validated lamin A 
siRNA or scrambled control per well to serum and antibiotic-free media, and incubating at room 
temperature for 20 minutes. After 24 hours, C2C12 cells were synchronised by serum shock with 
50% horse serum for 2 hours. The BioFlex plates were then subject to equibiaxial 6.66% stretch at a 
frequency of 1Hz, applied via the computer-controlled Flexcell® FX-5000™ Tension System, for 24-
hours. Samples were collected in 300μL of Purezol and stored at -20°C until required for 
downstream analysis.  
2.8 Mechanical in vivo loading 
2.8.1 In vivo loading 
Male and female WT mice were anesthetised with isoflurane throughout the loading procedure and 
the right tibia was positioned vertically between custom‐made cups (Figure 2.6 A.). A servo‐hydraulic 
materials testing machine (model HC10; Dartec) applied axial compressive loads through the knee 
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joint.  The upper cup was attached to the actuator and applied the load to the knee; the lower cup 
was linked to the load cell and monitored the loads (Poulet, et al., 2011).  
 
 
 
 
 
 
 
 
Figure 2.6. Schematic diagram of loading model, the loading cycle, and outline of the acute and 
chronic loading protocols. (Adapted from Poulet, et al., 2011).  
 
Both acute and chronic protocols used a pattern of loading depicted in Figure 2.6 B. Peak loads of 9N 
were applied for 0.05 seconds, with a rise and fall time of 0.025 seconds, and a baseline hold of 2N 
load for 9.9 seconds (Poulet, et al., 2011). The baseline hold ensures the tibia remains in position. 
The loading pattern was repeated forty times to the right knee in each loading episode, and the left 
knee was used as a non-loaded control. This loading regime was chosen because the experiments 
were conducted as part of an ongoing study by Blandine Poulet; this is a standard protocol used in 
the field and will allow the group to compare data between studies (Poulet, et al., 2011). Loading 
was completed by Blandine Poulet. 
Mice received either the acute or chronic protocol of loading. Mice in the acute protocol (n = 5) were 
loaded and after 4 hours after one regime, were collected 4 hours after this loading pattern 
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completed; mice in the chronic protocol (n = 5) were loaded with this loading pattern three times a 
week for two weeks and were collected two days later (Figure 2.6 C.). These two loading protocols 
enable the comparison of acute and chronic loading episodes on the circadian clock. 
2.8.2 Muscle Analysis 
Mice were culled by cervical dislocation, Quadricep and Gastrocnemius muscle were quickly 
dissected, snap frozen in liquid nitrogen and stored at -80°C. Muscle was homogenised following the 
muscle homogenisation protocol (2.1.2.3). RNA was isolated from Purezol containing the 
homogenised muscle samples, cDNA was synthesised and qRT-PCR analysis completed to quantify 
clock gene expression. 
2.9 Statistical Tests 
2.9.1 Unpaired t-test 
An unpaired t-test was used in studies to test the null hypothesis that the means related to two 
independent samples, from an approximately normal distribution, are equal (GraphPad Prism 6).  
2.9.2 One-way ANOVA 
A one-way Analysis of Variance (ANOVA) was used in studies to test the null hypothesis that the 
means related to three or more independent samples, from an approximately normal distribution, 
are equal (GraphPad Prism 6). In these samples, multiple t-tests are not appropriate as multiple 
comparisons increase the chances of finding a statistically significant difference by chance.  
2.9.3 Two-way ANOVA 
A two-way Analysis of Variance (ANOVA) was used to compare the mean differences between two 
groups that consist of independent variables and are measured with a dependent variable (time). 
The two-way ANOVA tests were used in studies comparing two groups over a circadian time-course, 
such as lamin A knockdown and control over 24 hours (GraphPad Prism 6). 
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2.9.4 Cosinor Periodogram circadian analysis  
To determine circadian rhythmicity and its significance, cosinor periodogram analysis software was 
used in studies to determine the significance of the oscillation (p value), acrophase, amplitude, 
mesor, and robustness; software available from the Refinetti Circadian Rhythm Laboratory 
(www.circadian.org/softwar.html) (Refinetti, 2016). The acrophase is the time at which the peak of a 
rhythm occurs, represented as the phase angle of the peak of a cosine wave fitted to the raw data of 
a rhythm over a time series (Refinetti, Lissen, and Halberg, 2007). The amplitude is the difference 
between the peak (or trough) value and the mean value of a wave. The mesor is a circadian rhythm 
adjusted mean based on the parameters of a cosine function fitted to the raw data of a rhythm, it is 
an estimate of the central tendency of the distribution of values in an oscillating variable and the 
average value around which the variable oscillates (Refinetti, Lissen, and Halberg, 2007). The 
robustness refers to the strength and endurance of a rhythm, measuring the signal-to-noise ratio 
and the stationarity of a rhythm (a stationary oscillation is an oscillation with parameters that 
remain constant over time) (Refinetti, Lissen, and Halberg, 2007).  
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3 Lamin A Oscillates with a Circadian Rhythm 
at the mRNA and protein level in skeletal muscle 
3.1 Introduction 
3.1.1 Studying Circadian Rhythms 
Circadian dynamics in mammals have evolved to ensure that physiological, metabolic, and 
behavioural processes are fine-tuned to occur at appropriate times in accordance with daily 
environmental changes. These are not passive responses but allow mammals to adapt and anticipate 
daily changes, ensuring they are not wasting any energy. Circadian oscillations in the expression of 
tissue-specific genes can be seen across many different cell types. Studies have shown that the 
circadian clock is important in the development and maintenance of many different tissues, such as 
muscle (Dierickx, Van Laake, and Geijsen, 2018). In skeletal muscle, 7% of the transcriptome 
oscillates with a circadian rhythm and clock deficient mice, such as in Clock Δ19/Δ19 and Bmal1 -/- mice, 
exhibit severe muscle developmental and functional defects (Miller, et al., 2007; McCarthy, et al., 
2007; Kondratov, et al., 2006). Consequently, functioning circadian rhythms are vital for the 
development and maintenance of muscle. The aim of this research was to further investigate 
circadian rhythms in skeletal muscle cells, focusing on a potential involvement of the intermediate 
nuclear filament protein lamin A.   
Cell lines grown in culture exhibit a circadian rhythm, despite no longer being maintained within an 
organism and a time-synchronised hierarchical system. Accordingly, the clocks in these cells will be 
‘set’ to different times. To study circadian rhythms cell culture, these cellular clocks needs to be 
synchronised, enabling the investigation of molecular core clock dynamics and downstream 
rhythmic gene expression (Balsalobre, Damiola, and Schibler, 1998). Experiments have 
demonstrated that cells can be synchronised through several different methods, including exposure 
to glucocorticoids, forskolin, butyryl cAMP, heat shock, temperature cycling, and serum shock 
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(Balsalobre, et al., 2000; Balsalobre, Marcacci, and Schibler, 2000; Burh, Yoo, and Takahashi, 2010; 
Balsalobre, Damiola, and Schibler, 1998). Serum shock synchronises the circadian clock by up-
regulating the expression of Per1, Per2, and c-fos (Balsalobre, Damiola, and Schibler, 1998). The 
glucocorticoid Dexamethasone (Dex) synchronises the circadian clock by up-regulating the 
expression of Per1 alone (Balsalobre, et al., 2000). The up-regulation of Per1 and Per2 clock genes, 
regardless of what stage in the transcriptional translation feedback loop (TTFL) the cells were 
previously, shifts the clock in these cells through the up-regulation of the negative arm of the TTFL. 
This synchronisation is due to subsequent repression of the positive arm of the molecular clock. Cells 
exposed to any of these synchronisation techniques become ‘set’ to the same time as they all 
experience up-regulation of the same phase in the core clock cycle. The discovery of synchronisation 
methods facilitated molecular biology research of the core molecular clockwork mechanisms. In 
addition, it advanced studies investigating the role of the clock within specific cell types, including 
musculoskeletal cells.  
3.2 Lamin A  
3.2.1 A Temporal Role of lamin A 
Lamin A performs many roles within the nucleus including structural support, chromatin 
organisation, transcription regulation, cell cycle regulation, and mechanotransduction (Lenz-Böhme, 
et al., 1997; Croft, et al., 1999; Ozaki, et al., 1994; González, et al., 2008; Swift, et al., 2013). 
Circadian oscillations of lamin A could therefore deliver higher levels of protection and regulation to 
the nucleus at a certain time of day. It was predicted that fine-tuning the levels of lamin A during the 
day, as musculoskeletal cells are exposed to varying levels of mechanical load, would provide 
physiological benefits to musculoskeletal cells. Temporal control of lamin A would refine the levels 
of mechanotransduction pathway regulation, muscle-specific gene regulation, and structural support 
to the nucleus (Swift, et al., 2013). 
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3.2.2 Circadian Regulation in the Nucleus  
This research hypothesised that the circadian clock regulates the nuclear lamina. This is supported 
by the work of Lin and colleagues who discovered that lamin B1, LBR, and MAN1 mRNA and protein 
levels oscillate over a 24-hour period in the mouse liver (Lin, et al., 2014). In addition, recent data 
have identified a link between the nuclear lamina and circadian dynamics in genome organisation 
(Zhao, et al., 2015). This work recognised that the clock can dynamically regulate proteins located 
within the nucleus, and this was demonstrated at both the gene expression and protein level. 
Furthermore, this work directly corroborates a relationship between the nuclear lamina and 
circadian clock machinery, warranting further study. Due to the different regulatory roles played by 
lamin A within the musculoskeletal nucleus, deciphering its own regulation by the circadian 
clockwork will provide interesting functional consequences. Research has shown that circadian 
rhythms regulate tissue-specific gene expression and cell cycle progression in muscle cells (Miller, et 
al., 2007; McCarthy, et al., 2007; Gréchez-Cassiau, et al., 2007). If lamin A is a clock-controlled gene, 
it may be an important factor in orchestrating these circadian processes in muscle cells. 
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3.3 Hypothesis and Aims 
3.3.1 Hypothesis 
It was hypothesised that lamin A is regulated by the circadian molecular clock in musculoskeletal 
tissues. To test this hypothesis, a study was designed to determine whether lamin A mRNA and 
protein oscillates with a circadian rhythm in muscle cells, muscle tissue, and MEFs. Lamin A levels at 
the mRNA and protein level were detected by qRT-PCR, western blotting, and 
immunocytochemistry.    
3.3.2 Aims 
 Investigate whether lamin A mRNA expression and protein oscillates in C2C12 myoblasts 
over a circadian time-course. 
 Establish whether lamin A oscillations are responsive to cell-cycle changes.   
 Investigate whether lamin A mRNA expression and protein oscillate in differentiated C2C12 
and primary myotubes over a circadian time-course.  
 Observe whether lamin A mRNA expression oscillates in ‘free-running’ cycles, by tissue 
samples collected from mice housed in dark: dark conditions.  
 Determine whether lamin A mRNA expression oscillates over a circadian time-course in WT 
mouse embryonic fibroblasts (MEFs) and determine whether this oscillation is lost upon Cry 
1 and 2 double knockout in MEFs.  
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3.4 Results 
3.4.1 C2C12 undifferentiated skeletal muscle myoblasts have 
oscillatory lamin A mRNA expression and protein levels 
3.4.1.1 C2C12 myoblasts synchronised with Dexamethasone demonstrate 
low amplitude oscillations in lamin A mRNA expression and protein levels 
To begin investigating whether skeletal muscle cells exhibit oscillatory expression in Lmna mRNA and 
protein levels, a circadian time-course of undifferentiated muscle C2C12 myoblasts (immortalised 
mouse-derived skeletal muscle cells) was collected (Yaffe and Saxel, 1977). C2C12 myoblasts were 
synchronised by treatment with 100nM Dexamethasone and collected every 4 hours for 28 hours 
starting 24 hours after synchronisation. Samples were analysed by qRT-PCR and western blotting 
(Figure 3.1 and Figure 3.2). Lmna mRNA expression, normalised to that of β-Actin, was found to 
oscillate over the 24-hour time-course with a low amplitude and with 85.5% robustness (robustness 
equates to how uniform the oscillations are) (Table 3.1, Cosinor Periodogram amplitude analysis: 
0.4292, and robustness analysis). Lmna mRNA expression was in phase with the core clock genes of 
the negative arm (Per1, Per2, and Cry1) and they had similar acrophase values (the phase of the 
peak of the cosine wave fitted to the expression pattern) (Figure 3.1; Table 3.1, Cosinor Periodogram 
Acrophase analysis: Lmna -238°, and Per1, Per2 and Cry1: -335°, -241° and -273°). Lmna expression 
peaked at 36 hours, and Per2, Per1, and Cry1 expression peaked at the 40- and 44-hour time-points. 
Rev-erbα was anti-phase to Bmal1 at the 36-hour time-point, when Lmna was at peak expression, 
and Bmal1 expression was at a trough (Figure 3.1). Bmal1 is part of the positive arm of the core 
clock, and the positive and negative core clock genes are expressed in opposite phases. Hence, Lmna 
expression was antiphase to Bmal1 expression and expressed in phase with the negative arm of the 
clock.  
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Figure 3.1. Circadian time-course of gene expression in Dexamethasone synchronised C2C12 
myoblasts, demonstrate oscillation in Lmna expression. Myoblasts were synchronised by the 
addition of 100 nM Dexamethasone to the media (DMEM supplemented with 10% FBS, 2nM L-Glu, 
0.1mg/mL P/S). After 24 hours, myoblasts were collected every 4 hours for 28 hours in Purezol, 
expression of circadian genes were measured using qRT-PCR, analysed using the Pfaffl method 
(Pfaffl, 2001), normalised to β-Actin and shown relative to the 24-hour time point. n=3 and data 
were presented as mean± s.e.m. 
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Figure 3.2. Representative Western blot images and protein densitometry traces of circadian time-
course in Dexamethasone synchronised C2C12 myoblasts, demonstrates oscillatory LMNA. (A) 
Protein samples were ran on 10% acrylamide gels, transferred, and incubated with primary 
antibodies for anti-mouse Lmna (Sigma; 1:2000) and anti-rabbit β-Actin (Sigma; 1:2000) followed by 
secondary IRDye® antibodies for goat anti-rabbit 800CW and goat anti-mouse 680RD (Licor; 
1:20000). (B) Densitometry values were calculated using the analysis software provided by Image 
Studio Lite Version 5.2. LMNA bands were normalised to β-ACTIN. Data were expressed as % change 
relative to the first time-point, n=3. 
 
 
 
24     28      32      36     40     44     48     52 
A 
24     28       32      36     40      44     48     52 hrs 
LMNA 72kDa 
 
β-ACTIN 42kDa 
LMNA 72kDa 
 
β-ACTIN 42kDa 
LMNA 72kDa 
 
β-ACTIN 42kDa 
 
B 
87 
 
Table 3.1. Dexamethasone synchronised qRT-PCR Cosinor Periodogram circadian analysis (Refinetti, 
2016). 
 Lamin Per1 Per2 Bmal1 Cry1 Rev-erbα 
Period (h) 20.0 20.0 26.0 23.0 26.0 22.5 
p value 0.0548 0.1828 0.0032* 0.0029* 0.0113* 0.0333* 
Acrophase (°) -238 -335 -241 -353 -273 -128 
Amplitude 0.4292 1.3399 5.5655 0.8435 2.1864 8.1033 
Mesor 1.7857 2.264 6.2408 1.1705 2.7633 6.2537 
Robustness (%) 85.5 67.8 91.2 96.1 84.0 82.2 
 
 
Table 3.2. Dexamethasone synchronised LMNA western blot Cosinor Periodogram circadian 
analysis (Refinetti, 2016). 
 1. 2. 3. 
Period (h) 26.0 20.0 26.0 
p value 0.2461 0.1531 0.3026 
Acrophase (°) -52 -47 -253 
Amplitude 0.8988 0.5907 0.5008 
Mesor 1.2163 1.6002 1.0622 
Robustness (%) 75.4 84.4 69.7 
 
 
The relative density of LMNA protein for the three circadian time-course replicates oscillated with a 
low amplitude (Table 3.2, Cosinor Periodogram Amplitude analysis: 0.8988, 0.5907, and 0.5008). 
These LMNA protein traces do not to appear to be well synchronised within the replicates, one trace 
peaked at 32 hours and two traces peaked at 40 hours (Figure 3.2; Table 3.2, Cosinor Periodogram 
Acrophase analysis: -52°, -47°, -253°).  
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3.4.1.2 C2C12 myoblasts synchronised by serum shock demonstrate high 
amplitude oscillations in lamin A mRNA expression and low amplitude 
protein oscillations 
In order to observe potential oscillatory patterns in Lmna mRNA expression and lamin A protein 
levels from C2C12 myoblasts synchronised using a different method, serum shock treated C2C12 
myoblasts were also collected in a circadian time-course. The myoblasts were shocked by the 
addition of 50% horse serum for 2 hours, returned to normal supplemented DMEM, and after 24 
hours, were collected every 4 hours for 28 hours. Samples were analysed by qRT-PCR and western 
blotting. The Lmna mRNA expression, normalised to β-Actin, oscillated with a two-fold higher 
amplitude in comparison to the traces observed in the Dexamethasone synchronised circadian time-
course (Figure 3.3; Table 3.3, Cosinor Periodogram Amplitude analysis: 1.0558). The oscillatory 
expression of the negative arm core clock genes themselves appeared to be less synchronised to 
each other, but the phase of their peaks remained similar (Figure 3.3; Table 3.3, Cosinor 
Periodogram Acrophase analysis: Per1, Per2, and Cry1: -175°, -177°, and -162°). Lmna expression 
peaked at 32 and 48 hours, demonstrating similarities to the expression peaks for the negative arm 
core clock genes: Per1, Per2, and Cry1, which peaked at 32 and 44-48 hours. Acrophase analysis of 
Lmna expression fits a cosine peak angle at phase -145°, similar to the negative arm core clock genes 
(Table 3.3, Cosinor Periodogram Acrophase analysis).  
Rev-erbα expression was antiphase to Bmal1 expression, Bmal1 was at peak expression at the 40-
hour time-point, when Lmna expression was at its trough (Figure 3.3). Again, this demonstrates that 
Lmna expression is antiphase to Bmal1 expression and is in phase with the negative arm core clock 
genes.  
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Figure 3.3. Circadian time-course of gene expression in serum shock synchronised C2C12 
myoblasts, demonstrate oscillation in Lmna expression. Myoblasts were synchronised by changing 
the media to 50% horse serum for 2 hours (DMEM supplemented with 50% HS, 2nM L-Glu, 
0.1mg/mL P/S), they were then returned to normal DMEM media (DMEM supplemented with 10% 
FBS, 1% L-Glu, 1% P/S). After 24 hours, myoblasts were collected every 4 hours for 28 hours in 
Purezol, expression of circadian genes were measured using qRT-PCR, analysed using the Pfaffl 
method (Pfaffl, 2001), normalised to β-Actin and shown relative to the 24-hour time point. n=3 and 
data were presented as mean± s.e.m. 
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Figure 3.4. Representative Western blot images and protein densitometry traces of circadian time-
course in serum shock synchronised C2C12 myoblasts, demonstrates rhythmic LMNA. (A) Protein 
samples were ran on 10% acrylamide gels, transferred, and incubated with primary antibodies for 
anti-mouse Lmna (Sigma; 1:2000) and anti-rabbit β-Actin (Sigma; 1:2000) followed by secondary 
IRDye® antibodies for goat anti-rabbit 800CW and goat anti-mouse 680RD (Licor; 1:20000). (B) 
Densitometry values were calculated using the analysis software provided by Image Studio Lite 
Version 5.2. LMNA bands were normalised to β-ACTIN. Data were expressed as % change relative to 
the first time-point, n=3. 
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Table 3.3. Serum shock synchronised qRT-PCR Cosinor Periodogram circadian analysis (Refinetti, 
2016). 
 Lamin Per1 Per2 Bmal1 Cry1 Rev-erbα 
Period (h) 20.0 22.1 20.0 26.0 20.0 20.0 
p value 0.1729 0.6499 0.4946 0.0185* 0.5152 0.3435 
Acrophase (°) -145 -175 -177 -249 -162 -291 
Amplitude 1.0558 0.743 0.9239 3.7569 2.2152 0.6982 
Mesor 1.8689 1.5935 1.802 4.8224 2.8711 3.7670 
Robustness (%) 58.4 35.0 50.5 87.1 48.5 65.6 
 
Table 3.4. Serum shock synchronised LMNA western blot Cosinor Periodogram circadian analysis 
(Refinetti, 2016). 
 1. 2. 3. 
Period (h) 20.3 20.0 26.0 
p value 0.3511 0.2448 0.3266 
Acrophase (°) -222 -251 -276 
Amplitude 0.3306 0.6647 0.1959 
Mesor 0.8628 1.5173 1.0698 
Robustness (%) 64.9 75.6 67.3 
 
 
 
The LMNA protein relative density oscillated with a low amplitude (Table 3.4, Cosinor Periodogram 
Amplitude analysis: 0.3306, 0.6647, and 0.1959). Relative density LMNA traces peaked at 32-36 and 
44-48 hours, these traces appear to be more synchronised than the Dexamethasone protein 
samples, as the fitted acrophase cosine peak expression values were very similar (Figure 3.4; Table 
3.4, Cosinor Periodogram Acrophase analysis: -222°, -251°, and -276°).   
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3.4.1.3 C2C12 myoblast LMNA rhythmicity can be detected by 
immunocytochemistry 
To investigate whether oscillations in LMNA protein localisation within the cell can be observed, a 
circadian time-course of synchronised C2C12 myoblasts was collected for immunocytochemistry 
analysis. C2C12 myoblasts were grown in ibidi 15µ-Slide 8 well chambers (Thistle Scientific), 
synchronised with serum shock and after 24 hours, fixed with PFA every 4 hours. Myoblasts were 
stained with anti-lamin A (1:5000; Sigma), anti-rabbit secondary (1:200; Invitrogen), counterstained 
with DAPI (1:2000; Sigma), and imaged on the Nikon Eclipse TE2000 (Figure 3.5). Primary negative 
controls were used to ensure there was no non-specific antibody binding (Figure 3.6). Analysis was 
completed on Fiji, and DAPI was used as a mask to outline and measure LMNA fluorescence intensity 
in the nucleus. Integrated density values were used to ensure that the volume of the nucleus was 
not skewing the data sets. Larger nuclei would have higher LMNA fluorescence due to having a 
higher proportion of LMNA protein present. All integrated density values were normalised to the 
mean integrated density of the first image in the 24-hour time-point. Integrated density data 
demonstrated an oscillation in LMNA integrated fluorescence over the 24-hour period, with a peak 
in integrated density at 32-hours and a trough at 44-hours (Figure 3.7). Cosinor Periodogram analysis 
identified a period of 20-hours, acrophase of -246°, 74.9% robustness but a low amplitude of 0.2969 
(Table 3.5).  
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Figure 3.5. Representative images of circadian time-course immunocytochemistry in serum shock synchronised C2C12 myoblasts, fixed every 4 hours 
between A. 24-36 and B. 40-48 hours. Images of Brightfield, DAPI counterstain, Anti-lamin A, and DAPI and Anti-lamin A merged, in C2C12 myoblasts 
stained with anti-lamin A (1:5000), anti-rabbit (1:200), and counterstained with DAPI (1:2000) and images were collected on the Nikon Eclipse TE2000 at 
20x. 
B 
Brightfield                                            DAPI           Anti-Lamin A             Merged 
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Figure 3.6. Representative imagines of C2C12 myoblast primary negative control.  Representative 
images of fixed, primary negative C2C12 myoblasts stained with anti-rabbit (1:200) and DAPI 
(1:2000). Images represent Brightfield, DAPI counterstain, anti-rabbit (with no primary lamin A to 
bind), and DAPI and anti-rabbit merged, images were collected on the Nikon Eclipse TE2000 at 20x. 
 
 
 
 
 
Figure 3.7. Relative Integrated Density of circadian time-course immunocytochemistry in serum 
shock synchronised C2C12 myoblasts, demonstrates oscillation in LMNA fluorescence. Values are 
normalised to the mean relative density of the first image in the 24-hour data set. Data plotted as 
mean± s.e.m. 
Table 3.5. Immunocytochemistry Cosinor Periodogram circadian analysis (Refinetti, 2016). 
  
Period (h) 20.0 
p value 0.2508 
Acrophase (°) -246 
Amplitude 0.2969 
Mesor 0.9833 
Robustness (%) 74.9 
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3.4.2 Oscillations in lamin A mRNA expression and protein are not 
due to changes in the cell cycle 
3.4.2.1 Dexamethasone synchronised C2C12 myoblasts do not show 
oscillations in cell cycle progression 
Lamin A and the circadian clock both have a role in regulating cell cycle gating. Hence, changes in the 
levels of Lmna mRNA and protein may be due to oscillations in synchronised cell cycle progression. 
In order to determine whether lamin A oscillations are due to changes in the cell cycle, FACS analysis 
was completed on C2C12 myoblasts synchronised by Dexamethasone, collected in a circadian time-
course every 6 hours for 24 hours, and labelled with Propidium Iodide (PI). FACS analysis 
demonstrated that the levels of G2/M are constant with approximately 20% of cells residing in this 
stage of the cell cycle across the time-course (Figure 3.8 and Figure 3.9). Cosinor Periodogram 
circadian analysis identified no oscillatory pattern in G2/M levels; G2/M percentages had a small 
amplitude of 1.39 around a large mesor (the average value across the distribution of variables in a 
cycle, also known as the rhythm adjusted mean) of 23.8, and a robustness of 39.8% (Table 3.6). At 
this stage in the cell cycle, cells are rapidly growing in preparation for mitosis, and are actively 
undergoing mitosis. Large changes in the percentage of cells residing within this stage across the 
time-course would result in large changes in Lmna mRNA and protein production. In contrast, FACS 
circadian time-course data from Dexamethasone synchronised C2C12 myoblasts shows relatively 
constant levels of cells residing in G2/M and thus, the cell cycle cannot be attributed to the 
oscillatory changes observed in lamin A.    
Table 3.6. Dexamethasone synchronised FACS Cosinor Periodogram analysis (Refinetti, 2016). 
 Dexamethasone 
Period (h) 20.0 
p value 0.6026 
Acrophase (°) -353 
Amplitude 1.391 
Mesor 23.8026 
Robustness (%) 39.8 
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Figure 3.8. Representative traces of circadian time-course FACS Cell Cycle analysis in 
Dexamethasone synchronised C2C12 myoblasts, showing consistent percentages across 24 hours. 
Myoblasts were synchronised by the addition of 100 nM Dexamethasone to the media (DMEM 
supplemented with 10% FBS, 2nM L-Glu, 0.1mg/mL P/S). After 24 hours, myoblasts were collected 
every 6 hours for 24 hours for FACS analysis and the DNA was labelled with 100 ug/mL Propidium 
Iodide. Myoblasts were then analysed on the BD Accuri C6 Flow Cytometer and sorted to observe 
the percentage of cells within a sample that are residing in G1, S, and G2/M phase of the cell cycle- 
based on DNA content, roughly 20,000 cells were counted on the FACS machine for each replicate. 
 
 
 
 
 
 
 
Figure 3.9. Circadian time-course FACS analysis in Dexamethasone synchronised C2C12 myoblasts, 
showing consistent percentages in each phase across 24 hours. Myoblasts were synchronised with 
Dexamethasone and collected, after 24 hours, every 6 hours for 24 hours. The percentage of cells in 
G1, S, and G2/M was calculated by averaging data from three replicates for each time-point. 
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3.4.2.2 Serum shock synchronised C2C12 myoblasts do not show large 
oscillations in cell cycle progression 
To rule-out changes in the cell cycle being responsible for the oscillations in Lmna mRNA and protein 
observed in the C2C12 myoblast circadian time-course synchronised by serum shock, myoblasts 
were also collected for FACS analysis. Myoblasts were synchronised by the addition of 50% horse 
serum for 2 hours, returned to normal supplemented DMEM, and after 24 hours, were collected 
every 6 hours for 24 hours. Myoblasts were labelled with PI and analysed by FACS analysis. Across 
the circadian time-course, there was little change in number of cells residing in G2/M phase, with 
typically 10-30% residing at this stage of the cycle (Figure 3.10 and Figure 3.11). Cosinor 
Periodogram circadian analysis identified no oscillatory pattern in G2/M levels; G2/M percentages 
had low amplitude of 4.87 around a large mesor of 26.2, and a robustness of 54.4% (Table 3.7). As 
with the Dexamethasone circadian time-course, this ensures that the observed oscillations in lamin 
A mRNA and protein are not due to circadian oscillations in cell cycle progression. 
 
Table 3.7. Serum shock synchronised FACS Cosinor Periodogram circadian analysis (Refinetti, 2016). 
 Serum shock 
Period (h) 20.0 
p value 0.4561 
Acrophase (°) -6 
Amplitude 4.8696 
Mesor 26.2016 
Robustness (%) 54.4 
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Figure 3.10. Representative traces of circadian time-course FACs Cell Cycle analysis in serum shock 
synchronised C2C12 myoblasts, showing consistent percentages across 24 hours. Myoblasts were 
synchronised by changing the media to 50% horse serum for 2 hours (DMEM supplemented with 
50% HS, 1% L-Glu, 1% P/S), they were then returned to normal DMEM media (DMEM supplemented 
with 10% FBS, 2nM L-Glu, 0.1mg/mL P/S). After 24 hours, myoblasts were collected every 6 hours for 
24 hours for FACS analysis and the DNA was labelled with 100 ug/mL Propidium Iodide. Myoblasts 
were then analysed on the BD Accuri C6 Flow Cytometer and sorted to observe the percentage of 
cells within a sample that are in G1, S, and G2/M phase of the cell cycle- based on DNA content. 
 
 
 
 
 
 
 
Figure 3.11. Circadian time-course FACS analysis in serum shock synchronised C2C12 myoblasts, 
showing consistent percentages in each phase across 24 hours. Myoblasts were synchronised by 
serum shock and collected, after 24 hours, every 6 hours for 24 hours. The percentage of cells in G1, 
S, and G2/M was calculated by averaging data from three replicates for each time-point. 
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3.4.3 Differentiated myotubes exhibit oscillations in lamin A mRNA 
expression and protein levels 
3.4.3.1 C2C12 myotubes oscillate with a circadian rhythm in lamin A mRNA 
and protein 
Next, it was investigated whether circadian oscillations in Lmna mRNA expression and protein levels 
continue upon the differentiation of myoblasts into myotubes. A circadian time-course of 
synchronised differentiated myotubes was collected. After 12 days of differentiation in 2% horse 
serum differentiation media (DMEM supplemented with 2% HS, 2nM L-Glu, 0.1mg/mL P/S), 
myotubes were synchronised by serum shock with 50% horse serum for 2 hours. 24 hours after 
returning to differentiation DMEM, samples were collected every 6 hours for 48 hours. This 
technique was shown in myoblasts to produce clear oscillations in lamin A mRNA (see Figure 3.3). 
Samples were analysed by qRT-PCR and western blotting, and both mRNA and protein data were 
normalised to β-Actin. Circadian time-course data demonstrated clear oscillations in Lmna 
expression with peak expression at 36 and 54 hours (Figure 3.12). Cosinor Periodogram analysis 
identified an amplitude of 0.4049, oscillating around a mesor of 1.4621, and 84.2% robustness (Table 
3.6). Similar to the observations in myoblasts, Lmna expression in myotubes was in phase with the 
negative arm core clock genes Per1 and Cry1 (Table 3.6, Cosinor Periodogram Acrophase analysis: 
Lmna, Per1, and Cry: -177°, -178°, and -43°). The expression of Per2 appeared to be out of 
synchronisation with the other negative arm core clock genes, and Bmal1 expression was only 
slightly anti-phase; however, the expression of Rev-erbα remained antiphase to Bmal1 expression 
(Table 3.6 Cosinor Periodogram Acrophase analysis: Per2, Bmal1, and Rev-erbα: -299°, -339°, and -
259°). 
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Figure 3.12. Circadian time-course of gene expression in serum shock synchronised C2C12 
myotubes, demonstrate circadian oscillations in Lmna expression. Myoblasts were differentiated 
through changing to 2% horse serum differentiation media (DMEM supplemented with 2% horse 
serum, 2nM L-Glu, 0.1mg/mL P/S) for 12 days, and were synchronised by serum shock with 50% 
horse serum media for 2 hours, they were then returned to differentiation media. After 24 hours, 
myotubes were collected every 6 hours for 48 hours in Purezol, expression of circadian genes were 
measured using qRT-PCR, analysed using the Pfaffl method (Pfaffl, 2001), normalised to β-Actin and 
shown relative to the 24 hour time point. n=3 and data were presented as mean± s.e.m. 
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Figure 3.13. Representative Western blot images and protein densitometry traces of circadian 
time-course in serum shock synchronised C2C12 myotubes, demonstrates oscillations in LMNA. (A) 
Protein samples were ran on 10% acrylamide gels, transferred, and incubated with primary 
antibodies for anti-mouse Lmna (Sigma; 1:2000) and anti-rabbit β-Actin (Sigma; 1:2000) followed by 
secondary IRDye® antibodies for goat anti-rabbit 800CW and goat anti-mouse 680RD (Licor; 
1:20000). (B) Densitometry values were calculated using the analysis software provided by Image 
Studio Lite Version 5.2. LMNA bands were normalised to β-ACTIN. Data were expressed as % change 
relative to the first time-point, n=3. 
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Table 3.8. C2C12 Myotubes qRT-PCR Cosinor Periodogram circadian analysis (Refinetti, 2016). 
 
 Lamin Per1 Per2 Bmal1 Cry1 Rev-erbα 
Period (h) 20.3 20.0 26.0 25.6 23.6 20.0 
p value 0.0046* 0.7555 0.0149* 0.2134 0.0450* 0.1756 
Acrophase (°) -177 -178 -299 -339 -43 -259 
Amplitude 0.4049 2.4314 1.0303 1.9702 1.1916 2.6832 
Mesor 1.4621 3.5909 1.6829 3.8753 2.1648 5.9570 
Robustness (%) 84.2 82.1 93.8 64.3 87.3 82.5 
  
  
Table 3.9. C2C12 Myotubes LMNA western blot Cosinor Periodogram circadian analysis (Refinetti, 
2016). 
 1. 2. 3. 
Period (h) 26.0 20.0 20.0 
p value 0.0378* 0.1874 0.1283 
Acrophase (°) -325 -184 -103 
Amplitude 0.1943 0.5271 0.3973 
Mesor 0.7672 1.2825 1.0623 
Robustness (%) 88.6 81.4 87.3 
 
 
The relative densitometry LMNA protein traces from a circadian time-course of C2C12 myotubes 
showed less distinct oscillatory patterns and had low amplitude values of 0.1943, 0.5271, and 0.3973 
for each trace, respectively (Table 3.7, Cosinor Periodogram amplitude analysis). However, the 
protein levels peaked at both 30- and 48- hour time-points, and the second and third replicate traces 
were in better synchronisation (Figure 3.13; Table 3.7, Cosinor Periodogram acrophase analysis 
traces 1, 2, and 3: -325°, -184°, and -103°). In addition, all three LMNA traces had a robustness higher 
than 80% (Table 3.7, Cosinor Periodogram robustness analysis: 88.6%, 81.4%, and 87.3%).  
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3.4.3.2 Primary myotubes isolated from Per2::Luc mice demonstrate 
oscillations in Lmna mRNA expression 
To investigate whether primary myoblasts also express Lmna in a circadian manner, myoblasts were 
isolated from the muscle tissue of Per2::Luc mice by digestion with collagenase and dispase (Figure 
3.14). Once isolated, they were differentiated for 12 days in 2% horse serum DMEM media prior to 
synchronisation and collection. The myotubes were synchronised by serum shock through the 
addition of 50% horse serum for 2 hours, and returned to normal supplemented differentiation 
DMEM before collection every 6 hours for 48 hours. 
 
Figure 3.14. Primary myotubes isolated from Per2::Luc mice and differentiated for 7 days. Image 
taken on Nikon Eclipse TS100 microscope at x20. 
 
Time-course samples were analysed by qRT-PCR and normalised to β-Actin. Consistent with previous 
data, Lmna expression demonstrated oscillations that were 81% robust, and in phase with Per1, 
Per2, Cry1, and Rev-erbα expression (Figure 3.15; Table 3.8, Cosinor Periodogram robustness 
analysis and acrophase analysis, Lmna, Per1, Per2, Cry1, and Rev-erbα: -261°, -264°, -312°, -333°, and 
-227°). Expression peaked at 42-48 and 72 hours, and was anti-phase in relationship with Bmal1 
expression (Table 3.8, Cosinor Periodogram acrophase analysis, Bmal1: -163°).  
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Figure 3.15. Circadian time-course of gene expression in serum shock synchronised Per2::Luc 
primary myotubes, demonstrate oscillations in Lmna expression. Per2::Luc primary myoblasts were 
differentiated through the addition of 2% horse serum media (DMEM supplemented with 2% horse 
serum, 2nM L-Glu, 0.1mg/mL P/S) for 12 days. Myotubes were synchronised by 50% horse serum 
media for 2 hours (DMEM supplemented with 50% HS, 2nM L-Glu, 0.1mg/mL P/S), and returned to 
differentiation DMEM media. After 24 hours, myotubes were collected every 6 hours for 48 hours in 
Purezol, circadian genes were measured using qRT-PCR, analysed using the Pfaffl method (Pfaffl, 
2001), normalised to β-Actin and shown relative to the 24-hour time point. n=3 and data were 
presented as mean± s.e.m. 
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Figure 3.16. Representative Western blot images and protein densitometry traces of circadian 
time-course in serum shock synchronised Per2::Luc primary myotubes, demonstrates oscillations 
in LMNA. (A) Protein samples were ran on 10% acrylamide gels, transferred, and incubated with 
primary antibodies for anti-mouse Lmna (Sigma; 1:2000) and anti-rabbit β-Actin (Sigma; 1:2000) 
followed by secondary IRDye® antibodies for goat anti-rabbit 800CW and goat anti-mouse 680RD 
(Licor; 1:20000). (B) Densitometry values were calculated using the analysis software provided by 
Image Studio Lite Version 5.2. LMNA bands were normalised to β-ACTIN. Data were expressed as % 
change relative to the first time-point, n=3. 
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Table 3.10. Per2::Luc myotubes qRT-PCR Cosinor Periodogram circadian analysis (Refinetti, 2016). 
 
 Lamin Per1 Per2 Bmal1 Cry1 Rev-erbα 
Period (h) 24.9 26.0 20.0 26.0 26.0 26.0 
p value 0.0377* 0.5321 0.2123 0.2596 0.5191 0.0069* 
Acrophase (°) -261 -264 -312 -163 -333 -227 
Amplitude 0.3916 0.4020 0.4557 3.6804 0.2356 0.6247 
Mesor 2.0140 2.5245 2.5618 4.5544 1.5626 1.6709 
Robustness (%) 81.0 74.5 64.4 74.1 38.7 81.7 
 
Table 3.11. Per2::Luc myotubes LMNA Western blot Cosinor Periodogram circadian analysis 
(Refinetti, 2016). 
 1. 2. 
Period (h) 25.9 20.0 
p value 0.2016 0.1802 
Acrophase (°) -133 -188 
Amplitude 0.7352 1.074 
Mesor 0.945 1.5418 
Robustness (%) 79.9 82.1 
 
 
 
The relative densitometry LMNA protein traces from Per2::Luc primary differentiated myotubes 
circadian time-course samples showed amplitude values of 0.7352 and 1.074 for each trace, 
respectively (Table 3.9, Cosinor Periodogram amplitude analysis). The LMNA traces were well 
synchronised and had a robustness of 79.9% and 82.1% (Figure 3.16; Table 3.9, Cosinor Periodogram 
robustness analysis and acrophase analysis traces 1 and 2: -133° and -188°). 
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3.4.3.3 Primary myoblast LMNA rhythmicity can be detected by 
immunocytochemistry  
To investigate whether rhythmic LMNA integrated density fluorescence can be observed in primary 
myoblasts, myoblasts isolated from Per2::Luc mice were collected in a circadian time-course and 
analysed by immunocytochemistry. Primary myoblasts were grown in ibidi 15µ-Slide 8 well 
chambers (Thistle Scientific), synchronised with serum shock by 50% horse serum, and after 24 
hours, fixed with PFA every 4 hours. Myoblasts were stained with anti-lamin A (1:5000; Sigma), anti-
rabbit secondary (1:200; Invitrogen), counterstained with DAPI (1:2000; Sigma), and imaged on the 
Nikon Eclipse TE2000 (Figure 3.17). Primary negative controls were used to ensure there was no 
non-specific antibody binding (Figure 3.18). Analysis was completed on ImageJ, and DAPI was used 
as a mask to outline and measure LMNA fluorescence intensity in the nucleus. Integrated density 
values showed an oscillation in LMNA fluorescence over 24 hours although Cosinor Periodogram 
analysis demonstrated a low robustness and amplitude values (Figure 19; Table 3.10, Cosinor 
Periodogram robustness analysis: 55.8%, and amplitude analysis: 0.2149). 
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Figure 3.17. Representative images of circadian time-course immunocytochemistry in serum shock synchronised Per2::Luc primary myoblasts fixed every 
4 hours between A. 24-36 and B. 40-48 hours. Representative images of PFA fixed Per2::Luc Brightfield, DAPI counterstain, Anti-lamin A, and DAPI and Anti-
lamin A merged images. Cells were stained with anti-lamin A (1:5000; Sigma), anti-rabbit (1:200; Invitrogen), counterstained with DAPI (1:2000; Sigma) and 
images were collected on the Nikon Eclipse TE2000 at 20x. 
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Figure 3.18. Representative Images of Primary Per2::Luc myoblasts primary negative control. 
Representative images of fixed, primary negative Per2::Luc myoblasts stained with anti-rabbit 
(1:200) and DAPI (1:2000). Images represent Brightfield, DAPI counterstain, anti-rabbit (with no 
primary lamin A to bind), and DAPI and anti-rabbit merged, images were collected on the Nikon 
Eclipse TE2000 at 20x. 
 
 
 
 
 
  
Figure 3.19. Relative Integrated Density of circadian time-course immunocytochemistry in serum 
shock synchronised Primary myoblasts, demonstrates oscillation in LMNA fluorescence. Values are 
normalised to the mean relative density of the first image in the 24-hour data set. Data plotted as 
mean± s.e.m. 
Table 3.12. Primary myoblast immunocytochemistry Cosinor Periodogram analysis (Refinetti, 2016). 
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3.4.4 Murine muscle samples exhibit free-running circadian 
oscillations in lamin A mRNA 
3.4.4.1 Time-course data from Dark: Dark murine Gastrocnemius samples 
have circadian oscillations in lamin A mRNA expression 
Mice housed in dark: dark conditions are removed from the zeitgeber light. Consequently, they have 
no time-keeping signals acting to entrain their circadian clocks with the environment and their clocks 
oscillate with ‘free-running’ rhythms, as the TTFL will continue to cycle. This can be observed in the 
expression of core clock genes themselves and through the ‘output’ of the clock, the downstream 
regulation that orchestrates behaviour and physiology. Here, the aim was to investigate whether 
Lmna expression continues to oscillate upon the removal of these external time-cues and ‘free-run’ 
with the core clock genes. Mice were housed in dark: dark conditions for 5 days prior to 
Gastrocnemius muscle sample collection at CT 2, 6, 10, 14, 18, and 22. Samples were analysed by 
qRT-PCR and normalised to β-Actin. Lmna expression peaked at CT 10 and slowly continued to 
increase up to CT 22, although Cosinor Periodogram analysis identified only 50.6% robustness 
(Figure 3.13; Table 3.10). Consistently, the Lmna expression pattern is in phase with the expression 
of the negative core clock genes Per1, Per2, and Cry1 (Table 3.10, Cosinor Periodogram acrophase 
analysis Lmna, Per1, Per2 and Cry: -302°, -249°, -246°, and -292°).  
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Figure 3.20. Circadian time-course of gene expression in Gastrocnemius muscle from wild-type 
C57/BL6 mice collected in dark: dark conditions, demonstrate oscillations in Lmna expression. 
Mice were housed in constant dark conditions for 5 days prior to sample collection and all 
collections were completed in red light conditions until the mice had been culled and their heads 
removed. Gastrocnemius muscle was dissected and RNA-later added to preserve the muscle prior to 
RNA extraction and processing. The expression of circadian genes was measured using qRT-PCR, 
analysed using the Pfaffl method (Pfaffl, 2001), normalised to β-Actin and shown relative to the 24-
hour time point. n=3 and data were presented as mean± s.e.m. 
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Table 3.13. Gastrocnemius time-course qRT-PCR Cosinor Periodogram circadian analysis (Refinetti, 
2016). 
 Lamin Per1 Per2 Bmal1 Cry1 Rev-erbα 
Period (h) 26.0 26.0 26.0 26.0 26.0 26.0 
p value 0.3477 0.2254 0.2656 0.2797 0.1361 0.6566 
Acrophase (°) -302 -249 -246 -347 -292 -84 
Amplitude 0.7841 1.1963 5.2474 1.4035 3.5539 0.2876 
Mesor 1.5983 2.8514 7.8024 1.2168 5.534 1.0275 
Robustness (%) 50.6 63.0 73.4 72.0 86.5 34.4 
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3.4.5 Mouse Embryonic Fibroblast (MEF) cells exhibit low amplitude 
oscillations in lamin A mRNA that are lost when the circadian clock 
is abolished 
3.4.5.1 Circadian time-course data demonstrates that WT MEFs reveal lamin 
A oscillations that are lost upon double knockout of Cry1 and Cry2 
Cry1 and Cry2 are critical components forming part of the negative arm of the core circadian clock. 
To investigate whether molecular disruption of the circadian clock led to changes in lamin A 
oscillation, Cry1/Cry2 knockout MEFs were used. First, WT MEF cells were studied to determine 
whether they produce oscillations in lamin A mRNA expression. Next, whether these oscillations are 
lost upon double knockout of Cry 1 and 2 was determined. Circadian time-courses were collected for 
both cell types. Cells were synchronised by serum shock and after 24 hours, collected every 4 hours 
for 24 hours. The time-course samples were analysed by qRT-PCR and normalised to β-Actin. Lmna 
expression in the WT MEF time-course showed an oscillatory pattern of expression with a trough at 
28 hours and a peak at 40 hours, Cosinor Periodogram analysis identified 84.1% robustness in the 
oscillation (Figure 3.21; Table 3.11 Cosinor Periodogram robustness analysis). Consistent with 
previous circadian time-course data, Lmna expression was in phase with Per2 and antiphase to 
Bmal1 expression (Table 3.11 Cosinor Periodogram acrophase analysis, Lmna, Per2, and Bmal1: -
215°, -282°, and -79°). In the Cry1 and Cry2 double knockout time-course, Lmna expression lost this 
oscillatory behaviour, expression fluctuated around fold change of 3, and the Cosinor Periodogram 
robustness analysis decreased to 45.3% (Figure 3.21; Table 3.11).  In addition, Bmal1 expression and 
Per2 expression were decreased and increased respectively, in comparison to expression from the 
WT MEF time-course (Figure 3.21). Interestingly, Lmna expression follows Per2 expression upon 
double knock out of Cry1 and Cry2, increasing from 1-1.4 fold change to 3-4 fold change (Figure 
3.21). This supports earlier findings that Lmna expression is in-phase and linked to the expression of 
the clock genes in the negative arm: Per2 and Cry1.  
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Figure 3.21. Circadian time-course of gene expression in serum shock synchronised WT and Cry1 
and 2 knockout MEFs, demonstrate oscillations in Lmna expression in WT MEFs that is lost with 
Cry double knockout. Cells were synchronised by changing the media to 50% horse serum for 2 
hours (DMEM supplemented with 50% HS, 2nM L-Glu, 0.1mg/mL P/S), they were then returned to 
normal DMEM media. After 24 hours, cells were collected every 4 hours for 24 hours in Purezol, 
circadian genes were measured using qRT-PCR, analysed using the Pfaffl method (Pfaffl, 2001), 
normalised to β-Actin and shown relative to the 24-hour time point. n=3 and data were presented as 
mean± s.e.m. 
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Figure 3.22. Representative Western blot images and protein densitometry traces of circadian 
time-course in serum shock synchronised WT and CRY1 and 2 -/- MEF cells, demonstrates 
oscillations in LMNA in WT MEFs that is lost on Cry double knockout. (A) Protein samples were ran 
on 10% acrylamide gels, transferred, and incubated with primary antibodies for anti-mouse Lmna 
(Sigma; 1:2000) and anti-rabbit β-Actin (Sigma; 1:2000) followed by secondary IRDye® antibodies for 
goat anti-rabbit 800CW and goat anti-mouse 680RD (Licor; 1:20000). (B) Densitometry values were 
calculated using the analysis software provided by Image Studio Lite Version 5.2. LMNA bands were 
normalised to β-ACTIN. Data were expressed as % change relative to the first time-point, n=3. 
24       28      32      36       40     44      48 hrs 24        28       32     36      40       44     48 
24        28       32     36     40       44      48  
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Table 3.14. WT and double CRY-/- MEF qRT-PCR Cosinor Periodogram circadian analysis (Refinetti, 
2016). 
 
  Lamin Per2 Bmal1 
WT MEF Period (h) 24.4 22.7 20.0 
 p value 0.0270* 0.0084* 0.0489* 
 Acrophase (°) -215 -282 -79 
 Amplitude 0.2053 0.7534 0.5440 
 Mesor 1.1668 0.9532 1.1366 
 Robustness (%) 84.1 91.9 86.6 
CRY -/- MEF Period (h) 26.0 23.5 26.0 
 p value 0.2994 0.5646 0.1923 
 Acrophase (°) -272 -253 -19 
 Amplitude 0.6503 0.6533 0.2685 
 Mesor 3.328 3.8040 0.6096 
 Robustness (%) 45.3 25.0 66.7 
 
Table 3.15. WT and double CRY-/- MEF LMNA western blot Cosinor Periodogram circadian analysis 
(Refinetti, 2016). 
  1. 2. 
WT MEF Period (h) 26.0 26.0 
 p value 0.3255 0.0384* 
 Acrophase (°) -168 -167 
 Amplitude 1.0965 1.6723 
 Mesor 2.5304 2.5892 
 Robustness (%) 67.4 96.0 
CRY -/- MEF Period (h) 26.0 20.0 
 p value 0.1507 0.0533 
 Acrophase (°) -261 -336 
 Amplitude 0.1517 0.1102 
 Mesor 0.2584 0.2689 
 Robustness (%) 61.2 85.8 
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WT MEF protein samples analysed by western blotting demonstrated oscillations in LMNA protein 
with the first trace more robust than the second, and high amplitudes of 1.0965 and 1.6723 
respectively (Figure 3.22; Table 3.12 Cosinor Periodogram amplitude and robustness analysis: 67.4% 
and 96%). When CRY1 and CRY2 was knocked-out, circadian time-course data showed low amplitude 
oscillations in LMNA protein but robustness remained at 61.2% and 85.8% (Figure 3.22; Table 3.12 
Cosinor Periodogram robustness analysis and amplitude analysis: 0.1517 and 0.1102). 
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3.5 Discussion 
Despite recent interest and research aimed at deciphering a clearer role for lamin A in laminopathy 
disease pathogenesis, how the different roles performed by lamin A may contribute to the disease 
phenotype is still unknown. This research aims to understand more about the regulation of lamin A, 
specifically in muscle cells, and investigate a potential link with the circadian molecular clock. By 
advancing the awareness of lamin A dynamics in muscle cells, one of the tissues largely affected in 
laminopathies, the role and responsibilities of lamin A can be better understood and may contribute 
to understanding whether a temporal aspect of regulation is currently being overlooked. Hence, the 
focus of this chapter was to explore whether temporal dynamics are involved in lamin A regulation 
in muscle cells.  
Consistent with previous studies determining whether a gene and protein of interest oscillate with 
circadian rhythm, experiments began by observing circadian time-course qRT-PCR and Western blot 
data to study lamin A (Rohman, et al., 2005; Lin, et al., 2014; Pekovic-Vaughan, et al., 2014; Yang, et 
al., 2017). In addition, immunocytochemistry and quantification of LMNA fluorescence was utilised 
to investigate whether rhythmic protein expression could be observed in synchronised samples 
around the clock, as completed by Pekovic-Vaughan and colleagues when studying NRF2 rhythmicity 
(Pekovic-Vaughan, et al., 2014).  
These results demonstrate that muscle cells have a circadian rhythmicity in Lmna expression and, 
although slightly less clearly, protein levels. Experiments utilised C2C12 cell-line murine myoblasts 
and myotubes, primary muscle myoblasts and myotubes, and murine muscle samples to confidently 
conclude that lamin A oscillates with a circadian rhythm in musculoskeletal tissues.  Therefore, lamin 
A may be a downstream clock controlled gene. In addition, a circadian rhythm in lamin A mRNA and 
protein levels was identified in mouse embryonic fibroblasts (MEF) cells, and a loss of the molecular 
clock in these MEF cells- through Cry1 and Cry2 double knockout, resulted in a loss of this oscillatory 
lamin A expression.  
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Post-transcriptional regulation is an important factor in determining protein rhythmicity and, 
regardless of whether there is rhythmic mRNA transcription, co-ordinating the regulation of 
processes such as splicing, polyadenylation, and translation may permit oscillations in protein levels 
(Kojima, Shingle, and Green, 2011). Proteomic data from mouse liver samples revealed 20% of 
soluble proteins in the liver oscillated with a circadian rhythm, despite half of these proteins having 
no rhythmicity in mRNA transcription (Reddy, et al., 2006). Accordingly, processes such as splicing, 
polyadenylation, and translation are themselves subject to circadian control and resultantly, are 
important factors to consider when observing protein temporal dynamics (McGlincy, et al., 2012; 
Kojima, Sher-Chen, and Green, 2012; Lipton, et al., 2015). Protein data in this chapter revealed peaks 
and troughs in oscillatory LMNA protein levels that are generally in the same phase as the mRNA 
expression data. Therefore, in musculoskeletal tissues, it is most likely that other post-transcriptional 
mechanisms do not play a significant role in regulating lamin A protein production and rhythm.  
Although data demonstrated rhythmic oscillations in Lmna expression, in order to conclude that the 
core clock controls this regulation further experiments are necessary. Future work may include 
comparing Lmna and circadian clock gene time-course oscillations from C2C12 myoblasts and 
myotubes, primary myotubes, and muscle to genes that are known not to oscillate in 
musculoskeletal cells. These data can further identify Lmna oscillations as potentially clock-
controlled, and rule-out all genes within the musculoskeletal cell or tissue oscillating over a circadian 
time-course. In addition, further future studies may include utilising ChIP-seq, core clock siRNA or 
the production of a Lmna::Luciferase reporter construct. ChIP-seq data can be used to observe 
whether BMAL1:CLOCK or PER:CRY protein heterodimers associate with the Lmna promoter to up- 
or down-regulate its expression, as used in other circadian studies (Rey, et al., 2011). Furthermore, 
once identified, site-directed mutagenesis experiments within the Lmna promoter can be 
incorporated to identify the precise region by which BMAL1:CLOCK or PER:CRY associate with the 
promoter and regulate Lmna expression. These experiments would be consistent with previous work 
identifying core clock protein regulation of downstream genes (Rohman, et al., 2005). Additionally, 
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experiments may be completed using a core clock siRNA to eliminate the TTFL of the core clock and 
prevent any downstream circadian gene regulation, as completed by Dong et al. in lung epithelial 
cells and fibroblasts (Dong, et al., 2016). Transfection of a core clock siRNA into C2C12 muscle cells, 
and subsequent circadian time-course collection and analysis, should prevent rhythmicity. If lamin A 
transcription is regulated by the clock, this will produce a flat-line in Lmna expression; similar to the 
loss of oscillatory expression observed on comparison of the WT and Cry double knockout MEF 
circadian time-course data (Figure 3.21). Finally, further experiments may include the production of 
a Lmna::luciferase construct, a luciferase reporter protein driven by the Lmna promoter, using 
cloning techniques and subsequent insertion into a plasmid containing a CMV promoter (Geusz, et 
al., 1997). This plasmid can then be transfected into C2C12 cells and after synchronisation, Lmna 
expression observed through real-time bioluminescence imaging in the LumiCycle. Furthermore, this 
technique can further be used for simultaneous transfection with a core clock gene siRNA and the 
newly created Lmna::Luc plasmid; this will provide real-time analysis of core clock abolishment on 
Lmna expression (Vollmers, Panda, and DiTacchio, 2008).  
An increasing body of data have demonstrated that the circadian clock is coupled to the cell cycle, 
through regulating and gating cell cycle progression (Nagoshi, et al., 2004; Feillet, et al., 2014, Bieler, 
et al., 2014; Matsu-Ura, et al., 2016), although some studies have demonstrated a lack of circadian 
clock and cell cycle coupling (Pendergast, et al., 2010; Yeom, et al., 2010). Given that lamin A 
regulates the cell cycle, and its levels increase and decrease with progression through the cell cycle, 
the data may be a consequence of oscillations in cell cycle progression. To ensure that this was not 
the case, FACS cell cycle analysis was used to study circadian time-courses of C2C12 myoblasts, 
synchronised by serum shock and Dexamethasone, as used in other studies researching circadian 
clock and cell cycle coupling (Ünsal-Kaçmaz, et al., 2005; Kowalska, et al., 2013; Laranjeiro, et al., 
2018). Accordingly, FACS analysis circadian time-course data demonstrated only slight variations in 
G2/M residing cells, suggesting that cell cycle changes as the cause of lamin A mRNA expression and 
protein level oscillations can be excluded. 
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qRT-PCR traces from some musculoskeletal circadian time-course data do not show clear anti-phase 
relationships between Per1, Per2, and Cry1, and Bmal1 expression; hence, the TTFL and coordinated 
up- and down-regulation of core clock genes may appear to be less accurate. However, the data are 
from cell culture experiments and, although each cell has a functioning core circadian clock, these 
cells are removed from the whole organism and are consequently lacking systemic cues. A study 
generating and observing real-time bioluminescence imaging of primary rat-1 fibroblast cells 
transfected with Bmal1 and Dbp luciferase reporter constructs successfully produced oscillating 
traces (Yagita, et al., 2010). However, like some of the data in this chapter, these traces are almost 
but not clearly anti-phase in relationship (Yagita, et al., 2010). Although in vitro techniques for 
analysing circadian rhythms are simplified and permit rapid, cheaper, and highly controlled 
experiments, this simplified nature is also a weakness. The oscillating core clock in these cells is 
driven by general methods of synchronisation, and this includes coordinating a cellular response 
from many different growth factors. In vitro, these cells are likely to be absent of other essential 
systemic signals that act to ensure that tissues are homogenous. Moreover, the circadian clock is 
extremely sensitive and the artificial environmental conditions of in vitro experiments may result in 
perturbations of circadian rhythms. For example, research with cultures of astrocytes from Per2::Luc 
mice and Per1::Luc rats demonstrated that the circadian clock in cultured cells can be affected by 
very small fluctuations in temperature (Prolo, Takahashi, and Herzog, 2005). In contrast, recent 
research comparing the response of primary fibroblasts to temperature cycles with expected in vivo 
traces from within the organism concluded that single cell oscillators behave similarly to systemic 
tissue oscillators (Abraham, et al., 2018). Hence, cell culture core clock studies are a useful and 
widely used tool; however, they may not completely mimic systemic oscillations in vivo. 
In order to account for this, future studies can incorporate additional whole organism studies. Time-
course muscle samples can be collected from animal models and studied to observe mRNA and 
protein levels through qRT-PCR and Western blot analysis, respectively; mice are a widely used and 
versatile animal model in circadian studies (Eckel-Mahan and Sassone-Corsie, 2015). Through 
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collecting Gastrocnemius muscle circadian time-course samples from mice housed in dark: dark 
conditions, this research aimed to begin incorporating in vivo research. Dark: dark housing 
eliminates external stimuli and leaves only the endogenous, free-running circadian clock; qRT-PCR 
data demonstrated rhythmic behaviour in Lmna expression under these conditions (Figure 3.13).  
Future research to develop and expand the studies in this chapter may include comparing these 
dark: dark traces with light: dark traces. Moreover, animal models harbouring disruptions to the 
molecular clock, such as Bmal1-/- and ClockΔ19/Δ19 mice, may be used to determine whether rhythmic 
Lmna mRNA expression and protein levels persist once the core clock is abolished (Ihara, et al., 
2017; Kondratov, et al., 2006). A study by McDearmon et al. demonstrated that restoring the 
circadian clock in the muscle only of Bmal1-/- mice, restored the body weight and activity in these 
mice (McDearmon, et al., 2006). Utilising this experimental design, it would be interesting to observe 
if Lmna rhythmic expression was restored in the muscle of these mice, whereby the only functioning 
circadian clocks in the mouse model are within the muscle. In addition, to develop resources at a 
more affordable cost, future work may be adapted to include circadian time-course data from 
animal models such as Zebrafish and Drosophila; these models have been shown to be suitable for 
circadian studies (Vatine, et al., 2011; Tataroglu and Emery, 2014).  
Previous research that is contradictory to these results are studies conducted to observe oscillatory 
gene expression and protein levels in cells and tissues that failed to identify lamin A, such as 
circadian time-course proteomics data from mouse liver samples (Mauvoisin, et al., 2014; Wang, et 
al., 2018). However, these studies may not have identified cyclical expression of lamin A as the 
regulation of lamin A by the circadian clock may be in a tissue-specific manner. As a result, lamin A 
may not be oscillating with a circadian rhythm in these liver samples. Conversely, previous research 
articles have also investigated circadian dynamics in samples from muscle but failed to identify 
rhythmic oscillations in lamin A. In 2007, the skeletal muscle circadian transcriptome was identified 
and 215 transcripts were found to oscillate with a circadian rhythm (McCarthy, et al., 2007). The 
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Lmna transcript was not identified as having oscillatory expression over the 48 hour circadian time-
course of muscle samples (McCarthy, et al., 2007).  Additionally, Zhan et al. investigated 
transcriptional circadian oscillations across 12 mouse organs, including skeletal muscle, over time by 
RNA-seq, and the Lmna transcript was not identified (Zhang, et al., 2014). The lack of lamin A 
identification in these studies may be due to the microarray and RNA-seq approaches that are used 
not being sensitive enough to detect significant oscillation in the Lmna transcript when statistical 
tests have to incorporate multiple comparisons.    
Conversely, these results are supported by previous research undertaken to study potential links 
between the nuclear envelope and circadian clock regulation. Lin et al. began observing whether 
proteins of the nuclear envelope oscillate with a circadian rhythm, and identified rhythmic mRNA 
and protein in MAN1, LBR and lamin B1 in human osteosarcoma U2OS cells; MAN1 contains the LEM 
domain and subsequently binds to lamin A/C through BAF (Lin, et al., 2014; Margalit, et al., 2005). In 
addition, recent research by Wang and colleagues completed proteomic circadian time-course 
screens in mouse liver samples and emerin was identified in a screen for proteins that form rhythmic 
nuclear complexes (Wang, et al., 2017a). In this regard, nuclear proteins can be subject to dynamic 
circadian clock control through regulation of their transcript and proteins levels, and by regulation of 
their complex formation and activity.  
Furthermore, a recent study by Zhao and colleagues identified circadian oscillations in the nuclear 
lamina interaction and organisation of the genome; consequently, this regulates gene expression of 
respective genes re-located to or released from the nuclear periphery (Zhao, et al., 2015). In muscle 
cells, the nuclear lamina interacts with and represses muscle gene-specific promoters important for 
differentiation- such as MyoD and Myogenin, and releases these promoters upon induction of 
differentiation (Athar and Parnaik, 2015). Thus, this work demonstrates how the circadian core clock 
can regulate lamin A activity and supports the research hypothesis that this may be an important 
factor in muscle maintenance and development.  
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3.6 Conclusion 
In conclusion, this research demonstrates a circadian rhythm in the expression of lamin A mRNA and 
protein in muscle myoblasts and myotubes. As the phenotype of muscle-wasting and muscular 
defects surrounding laminopathy patients are still misunderstood, these temporal dynamics may be 
an important missing factor. Further investigation into whether these oscillations are clock 
controlled may contribute to furthering the understanding of specific roles played by lamin A within 
the nucleus.  
 
 
 
 
 
 
 
 
 
 
 
126 
 
4 Lamin A regulates the expression of the core 
circadian clock genes  
4.1 Introduction  
4.1.1 The Molecular Clock Mechanism 
Across many different tissues, the molecular clock temporally regulates downstream genes in a 
tissue-specific manner, enhancing gene expression in accordance with exact conditions required by 
each tissue respectively (Buhr and Takahashi, 2013). In skeletal muscle, the circadian clock is an 
important factor in regulating myogenesis and differentiation; the transcription factors MyoD and 
Myogenin are both regulated by the circadian clock (Andrews, et al., 2010; Shavlakadze, et al., 2013). 
The circadian molecular clock is composed of a transcriptional translational feedback loop (TTFL) of 
core clock proteins: BMAL1, CLOCK, PER1, PER2, and CRY1, with auxiliary or stabilising loops such as 
REV-ERBα and RORA (Buhr and Takahashi, 2013). The BMAL1:CLOCK heterodimer is the positive arm 
of the loop and upregulates the expression of Per1, Per2, and Cry1 (Gekakis, et al., 1998; Kume, et 
al., 1999; Yoo, et al., 2005). The negative arm of the loop is formed of PER:CRY, which feeds-back to 
repress the expression of Bmal1 and Clock – completing the loop (Griffin, et al., 1999; Kume, et al., 
1999; Sato, et al., 2006). The auxiliary loops function as extra mechanisms of feedback regulation; 
they provide further co-ordination of the core clock proteins and ensure that the molecular clock 
remains at 24 hours (Cho, et al., 2012). An example of these robust mechanisms includes the casein 
kinases CKIε and CKIδ. During the night, CKIε and CKIδ phosphorylate PER which is targeted for 
degradation; during the day, CKIε and CKIδ phosphorylate PER:CRY and enable its translocation into 
the nucleus (Keesler, et al., 2000; Akashi, et al., 2002). CKIε and CKIδ themselves are regulated by 
Protein Phosphatases 5 and 1 (PP5 and PP1), safeguarding the levels of these CKI kinases to ensure 
that the initiation of translocation or degradation occurs at the correct time of day (Lowrey, et al., 
2000). These fine-tuning mechanisms keep the molecular clock in synch in different tissues, ensuring 
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there is coordinated downstream clock-controlled gene regulation. Disrupted circadian rhythms 
within mice and humans are linked to premature ageing as well as diseases such as cancer, 
cardiovascular diseases, and diabetes (Dai, et al., 2011; Lamia, Storch, and Weitz, 2008; Gale, et al., 
2011). In muscle, Bmal-/- and Clock∆19/∆19 mutant mice exhibit defects in muscle development, 
maintenance, and function (Andrews, et al., 2010; Kondratov, et al., 2006). Therefore, these robust, 
extra mechanisms are an important ‘fail-safe’ in ensuring that these physiologically essential 
biological rhythms are synchronised with the external environment.  
4.1.2 Bidirectional regulation of the Molecular Clock 
Proteins within a mechanism that acts to regulate the circadian clock are often under circadian 
regulation themselves; this ensures that temporally, the regulation acting on the clock only occurs 
during correct periods of the circadian molecular cycle. In accordance, no repression or activation 
can occur out of synchronisation with the core clock. One example is the nuclear orphan receptors 
REV-ERBα and RORα; these two proteins act together, with opposing roles, to form a stabilising loop 
and ensure that Bmal1 remains rhythmically expressed (Preitner, et al., 2002; Sato, et al., 2004). 
REV-ERBα and RORα repress and stimulate Bmal1 expression, respectively. In this regard, Bmal1 
expression is at a trough when REV-ERBα is highly active, and is at its peak expression when RORα is 
active and when Rev-erbα expression is at a trough (Ueda, et al., 2002; Triqueneaux, et al., 2004; 
Sato, et al., 2004). As the BMAL1:CLOCK heterodimer drives the expression of these regulatory 
proteins, these two mechanisms of regulation bi-directionally regulate one another; Rev-erbα 
expression is stimulated by BMAL1:CLOCK and trans-repressed by PER:CRY (Preitner, et al., 2002). 
Although this feedback loop maintains rhythmic expression of Bmal1, this loop is not essential for 
appropriate driving of the core TTFL (Liu, et al., 2008). The research in this thesis focuses on whether 
nuclear proteins regulate molecular clock components and whether a bi-directional regulation loop 
may exist between lamin A and the core clock proteins.  
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4.2 Nuclear Lamina 
4.2.1 A role for the Nuclear Lamina in Molecular Clock Regulation 
The nuclear lamina is a structural meshwork formed by A- and B-type lamins and contains integral 
membrane proteins; it underlies the nuclear envelope and associates with chromatin and nuclear 
proteins (Foisner, 2001; Gruenbaum, et al., 2003). The integral membrane proteins at the nuclear 
lamina include emerin, LBR, LAP, MAN1, and nurim, and these proteins increase chromatin 
interactions, reinforce mechanical support, and regulate protein localisation and activity (Naetar, 
Ferraioli, and Foisner, 2017).  
Within the nucleus, the nuclear lamina provides structural support and regulates processes such as 
DNA transcription, genome organisation, cell cycle progression, and mechanotransduction pathways 
(Lenz-Böhme, et al., 1997; Markiewicz, et al., 2002a; Ivorra, et al., 2006; Bridger, et al., 2007; Swift, 
et al., 2013). Research has identified that all of these nuclear processes are under regulation by the 
circadian clock and benefit from temporal optimisation (Yang, et al., 2017; Trott and Menet, 2018; 
Kim, et al., 2018; Gaucher, Montellier, and Sassone-Corsi, 2018). Moreover, these processes have 
the potential to be involved in mechanisms that provide feedback regulation to the molecular clock. 
Recent research has identified a link between nuclear proteins and circadian clock regulation, the 
integral membrane proteins MAN1 and LBR, and lamin B1 oscillate with a circadian rhythm (Lin, et 
al., 2014). Hence, this research demonstrated that proteins within the nucleus can be subject to 
dynamic temporal regulation by the circadian clock; consistent with research in the previous chapter 
that identified circadian oscillations in lamin A mRNA and protein levels in musculoskeletal cells. In 
addition, MAN1 binds to the Bmal1 promoter and up-regulates Bmal1 expression, demonstrating bi-
directional regulation between a nuclear integral membrane protein and a core clock protein (Lin, et 
al., 2014). Furthermore, recent studies have observed a relationship between the nuclear lamina 
and the circadian clock. Zhao et al. identified circadian timing in the formation of nuclear lamina 
interactions with the genome. Around the clock, multiple ADP-ribose polymerase 1 (PARP1) and the 
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transcription factor CTCF relocate genes to the nuclear periphery where they interact with the 
nuclear lamina through Lamina-Associated Domains (LADs) (Zhao, et al., 2015; Zullo, et al., 2012). 
Subsequently, genes relocated to the nuclear periphery become transcriptionally silenced. This 
highlights a mechanism of direct gene regulation by the nuclear lamina through chromatin 
interactions that incorporates dynamic, temporal regulation around the clock.  
Indeed, research is beginning to define a relationship between the circadian molecular clock and 
processes within the nucleus – including those with direct interactions with the nuclear lamina. In 
this regard, the nuclear lamina and lamin A as a tool for regulating gene expression in a circadian 
manner warrants further investigation. As the previous chapter demonstrated circadian oscillations 
in the production of lamin A mRNA and protein levels in musculoskeletal cells, and as bi-directional 
feedback regulation is a common mechanism amongst circadian regulatory pathways, the next aim 
was to observe whether lamin A is capable of providing feedback regulation to the circadian clock. It 
was predicted that lamin A exerts time-of-day dependent feedback regulation on the core proteins 
of the circadian molecular clock.  
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4.3 Hypothesis and Aims 
4.3.1 Hypothesis 
Our hypothesis was that varying lamin A levels modulates the circadian molecular clockwork by 
feedback regulation on clock gene promoters. To this end, this chapter will utilise loss-of and gain-of 
lamin A function experiments (lamin A siRNA and lamin A plasmid overexpression to knockdown and 
overexpress lamin A, respectively) in a skeletal muscle myoblast cell line (C2C12 cells). Downstream 
experiments will involve gene/protein expression analysis using qRT-PCR and Western blotting as 
well as real-time bioluminescent imaging and dual-reporter luciferase assays to assess whether clock 
gene expression, rhythmicity, and promoter activity are altered in response to these lamin A protein 
manipulations.  
4.3.2 Aims 
 Investigate the effects of loss-of and gain-of lamin A function (lamin A knockdown and 
overexpression, respectively) on clock gene expression and temporal dynamics in C2C12 
myoblast cells.  
 Determine the effects of lamin A knockdown and overexpression in C2C12 myoblasts stably 
transfected with clock luciferase reporters using real-time bioluminescence imaging of 
circadian clock gene cycles.  
 Establish the effects of lamin A protein overexpression, alone or synergistically with clock 
transcription factors, on clock promoter regulation using dual luciferase reporter assays.  
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4.4 Results 
4.4.1 Lamin A knockdown in C2C12 myoblasts decreases clock gene 
expression 
4.4.1.1 Lamin A knockdown in C2C12 myoblasts using targeted siRNA 
To begin investigating whether lamin A is involved in regulation of the circadian molecular clock, 
validated Lmna siRNA was used to knockdown LMNA and the response in circadian clock gene 
expression was observed. C2C12 myoblasts were grown in 12-well plates and at 60% confluency, 
were transfected with 5nM validated lamin A siRNA or scrambled siRNA as a negative control 
(Qiagen) using Dharmafect reagent (Dharmacon). Samples were analysed for gene or protein 
expression by qRT-PCR and Western blotting respectively, both normalised to β-actin. A successful 
lamin A knockdown at the mRNA and protein level was demonstrated in C2C12 myoblast cells 
(Figure 4.1 and 4.2, unpaired t-test, p≤0.0001 and p≤0.01).  
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Figure 4.1. Lamin A knockdown in C2C12 myoblasts transfected with validated lamin A siRNA 
compared to scrambled control. C2C12 myoblasts were seeded into a 12-well plate and transfected 
at 60% confluency. Myoblasts were incubated for 48 hours before collection and RNA extraction. 
Lmna mRNA was analysed by qRT-PCR using the Pfaffl method and normalised to house-keeping 
gene β-actin (Pfaffl, 2001). Data were expressed as fold change relative to scrambled control which 
was expressed as 1 and presented as means (unpaired t-test, ***p≤0.0001, three independent 
experiments n=3). 
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Figure 4.2. Representative Western blot images and protein densitometry analysis of lamin A 
protein expression in C2C12 myoblasts transfected with lamin A siRNA or scrambled control, 
demonstrates a knockdown of LMNA. (A) Protein samples were ran on 10% acrylamide gels, 
transferred, and incubated with primary antibodies for anti-mouse Lmna (Sigma; 1:2000) and anti-
rabbit β-Actin (Sigma; 1:2000) followed by secondary IRDye® antibodies for goat anti-rabbit 800CW 
and goat anti-mouse 680RD (Licor; 1:20000). (B) Densitometry values were calculated using the 
analysis software provided by Image Studio Lite Version 5.2. LMNA bands were normalised to β-
ACTIN. Data were expressed as % change relative to scrambled which was expressed as 100 and 
presented as means (unpaired t-test, **p≤0.01, three independent experiments n=3). 
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4.4.1.2 Lamin A knockdown in C2C12 myoblasts significantly decreases 
circadian gene expression 
To investigate whether lamin A knockdown impacts on the expression of the circadian clock genes in 
C2C12 myoblasts, this study focused on the expression of the core clock genes belonging to the 
positive arm (Bmal1), negative arm (Per1, Per2, and Cry1), and the auxiliary loop (Rev-erbα). RNA 
samples were analysed by qRT-PCR for circadian clock genes and normalised to β-Actin. Lamin A 
knockdown led to a significant decrease in the expression of the circadian clock genes that were 
investigated; an unpaired t-test identified this decrease to be p≤0.01 for Per1, Per2, Cry1, and Rev-
erbα, and p≤0.05 for Bmal1 (Figure 4.3). 
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Figure 4.3. Circadian clock gene expression in C2C12 myoblasts transfected with lamin A siRNA 
compared to scrambled control. C2C12 myoblasts were seeded into a 12-well plate and at 60% 
confluency and transfected with 5nM lamin A siRNA or scrambled control. Myoblasts were 
incubated for 48 hours before collection and RNA extraction. Circadian clock gene mRNA was 
analysed by qRT-PCR using the Pfaffl method and normalised to β-Actin (Pfaffl, 2001). Data were 
expressed as fold change relative to scrambled which was expressed as 1 and presented as means 
(unpaired t-test, *p≤0.05, **p≤0.01, three independent experiments n=3). 
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4.4.1.3 Lamin A knockdown is sustained in C2C12 myoblasts after 
synchronisation for 48 hours 
To further investigate the effect of lamin A knockdown on circadian clock gene cycles, the next aim 
was to collect a circadian time-course of C2C12 myoblasts transfected with validated lamin A siRNA 
or scrambled control, and clock-synchronised by 100nM Dexamethasone for 1 hour.  Samples were 
collected every 4 hours for 24 hours over 7 time-points (starting from 24hrs after Dexamethasone 
synchronisation) and analysed for gene and protein expression by qRT-PCR and Western blotting, 
respectively, both normalised to β-Actin. Data demonstrated a sustained knockdown of lamin A over 
the duration of the circadian time-course in comparison to the scrambled control samples (Figures 
4.4 and 4.5, two-way ANOVA: *p≤0.05, **p≤0.01, ***p≤0.001, and ****p≤0.0001).                        
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Figure 4.4. Circadian time-course of lamin A expression in Dexamethasone synchronised C2C12 
myoblasts transfected with validated lamin A siRNA or scrambled control, demonstrates sustained 
knockdown of Lmna expression. C2C12 myoblasts seeded into 12-well plates, at 60% confluency, 
were transfected with 5nM lamin A siRNA or scrambled control. 24 hours after transfection, they 
were synchronised through the addition of 100nM Dexamethasone for 1 hour and after 24 hours, 
cells were collected every 4 hours for 24 hours (time-points 24-48hrs). Lmna expression was 
analysed by qRT-PCR using the Pfaffl method and normalised to β-Actin (Pfaffl, 2001). Data were 
expressed as fold change relative to scrambled control which was expressed as 1 and presented as 
means± s.e.m (two-way analysis of variance (ANOVA), **p≤0.01, ***p≤0.001, and ****p≤0.0001, 
three independent experiments n=3). 
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Figure 4.5. Representative Western blot images and protein densitometry analysis of circadian 
time-course in synchronised C2C12 myoblasts transfected with lamin A siRNA or scrambled 
control. (A) Protein samples were ran on 10% acrylamide gels, transferred and blotted against 
primary antibodies for anti-mouse Lmna (Sigma; 1:2000) and anti-rabbit β-Actin (Sigma; 1:2000) 
followed by secondary IRDye® antibodies for goat anti-rabbit 800CW and goat anti-mouse 680RD 
(Licor; 1:20000). (B) Densitometry values were calculated using the analysis software provided by 
Image Studio Lite Version 5.2. LMNA bands were normalised to β-ACTIN. Data were expressed as a 
fold change relative to scrambled which was expressed as 1 and presented as means± s.e.m (two-
way ANOVA, *p≤0.05, **p≤0.01, ****p≤0.0001, n=3). 
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4.4.1.4 Time-course data from synchronised C2C12 myoblasts reveals that 
lamin A knockdown supresses rhythmic clock gene expression 
Circadian time-course of synchronised C2C12 myoblast samples with a sustained knockdown of 
lamin A were further analysed by qRT-PCR for rhythmic clock gene expression and normalised to β-
Actin. On comparison with scrambled control samples, circadian clock gene expression over 24 hours 
was supressed. There was a significant decrease in expression at the 44-hour time-point for Per1, 
Bmal1, and Cry1, as well as at 40 and 44-hour time-points for Per2 (Figure 4.6, two-way ANOVA: 
p≤0.001, p≤0.001, and p≤0.0001, and p≤0.05 and p≤0.001). Interestingly, the rhythmic expression of 
the auxiliary gene Rev-erbα was not changed throughout the time-course, compared to the 
scrambled control (Figure 4.6).  
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Figure 4.6. Circadian time-course of clock gene expression in Dexamethasone synchronised C2C12 
myoblasts with a sustained knockdown of lamin A compared to scrambled control. C2C12 
myoblasts seeded into a 12-well plate at 60% confluency were transfected with 5nM validated lamin 
A siRNA or scrambled control and incubated for 24 hours before synchronisation with 100nM 
Dexamethasone for 1 hour. 24 hours post-synchronisation, cells were collected every 4 hours for 24 
hours for RNA extraction. Circadian clock gene mRNA was analysed by qRT-PCR using the Pfaffl 
method and normalised to β-Actin (Pfaffl, 2001). Data were expressed as a fold change relative to 
scrambled which was expressed as 1 and presented as means± s.e.m (two-way ANOVA, *p≤0.05, 
***p≤0.001, ****p≤0.0001, three independent experiments n=3). 
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4.4.2 Emerin overexpression in myoblasts with lamin A knockdown 
increases clock gene expression 
4.4.2.1 Simultaneous lamin A knockdown and overexpression of Lamin-
binding partner Emerin  
The lamin A binding partner emerin has an inter-relationship with lamin A; lamin A tethers emerin at 
the nuclear lamina and, through LEM and LADs domains, acts as a scaffold to regulate chromatin and 
transcription factor positioning and subsequent activity (Vaughan, et al., 2001; Wagner and Khrone, 
2007; van Steensel and Belmont, 2017). In this regard, the next aim was to overexpress emerin in 
myoblasts knocked-down for lamin A, and to observe whether this rescues changes in clock gene 
expression. C2C12 myoblasts were neo-transfected with 5nM of validated lamin A siRNA and 1ug of 
either GFP only control or GFP emerin plasmid (Zuleger, et al., 2011). Cells were collected after 42-
hour incubation and mRNA levels for Lmna and Emd were analysed by qRT-PCR and normalised to β-
Actin. Lmna expression was significantly increased following emerin over-expression in myoblasts 
with a knockdown of lamin A (Figure 4.7, unpaired t-test, p≤0.01). The expression of Emerin was 
significantly increased in myoblasts with combined emerin over-expression and lamin A knockdown 
in comparison to myoblasts transfected with lamin A siRNA and GFP only control (Figure 4.7, 
unpaired t-test, p≤0.05).  
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Figure 4.7. Simultaneous knockdown of lamin A expression and overexpression of emerin in C2C12 
myoblasts. C2C12 myoblasts were neotransfected with 5nM lamin A siRNA together with 1ug 
emerin plasmid or GFP-only control plasmid. Cells were incubated for 42 hours before collection. 
Lmna and Emd mRNA was analysed by qRT-PCR using the Pfaffl method and normalised to β-Actin 
(Pfaffl, 2001). Data were expressed as a fold change relative to GFP control which was expressed as 1 
and presented as means± s.e.m (unpaired t-test, *p≤0.05, **p≤0.01, n=3). 
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4.4.2.2 Emerin overexpression in C2C12 myoblasts with lamin A knockdown 
rescues clock gene expression 
To investigate whether emerin overexpression can rescue clock gene expression, the next aim was 
to analyse clock gene expression in C2C12 myoblasts transfected with validated lamin A siRNA and 
1μg of GFP only or emerin plasmids. Samples were analysed for gene expression by qRT-PCR and 
normalised to β-Actin.  Myoblasts transfected with lamin A siRNA and emerin plasmid revealed a 
significant up-regulation in Per1, Per2, and Rev-erbα expression compared to myoblasts transfected 
with lamin A siRNA/GFP only control (Figure 4.8, unpaired t-test p≤0.05). Alternatively, there was no 
significant change in Bmal1 or Cry1 expression (Figure 4.8). This suggests that emerin has a positive 
effect on clock gene expression. However, the rescue in Per1, Per2, and Rev-erbα expression may be 
due to the increase in Lmna observed with overexpression of emerin. To determine whether emerin 
rescues circadian clock gene expression in the absence of Lmna, future work may include 
overexpressing emerin in Lmna mutant cells, such as DCM mutant mouse embryonic fibroblasts, and 
observing the response in circadian clock gene expression. 
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Figure 4.8. Circadian clock gene expression in C2C12 myoblasts transfected with lamin A siRNA and 
either emerin or GFP-only control plasmids. C2C12 myoblasts were neotransfected with 5nM lamin 
A siRNA and either 1ug emerin plasmid or GFP-only control and incubated for 42 hours before RNA 
extraction. Circadian clock gene expression was analysed by qRT-PCR using the Pfaffl method and 
normalised to β-Actin (Pfaffl, 2001).  Data were expressed as a fold change relative to lamin A 
siRNA/GFP control which was expressed as 1 and presented as means (unpaired t-test, *p≤0.05, and 
ns =p>0.05, n=3). 
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4.4.3 Overexpression of lamin A in C2C12 myoblasts upregulates 
clock gene expression 
4.4.3.1 Lamin A overexpression in C2C12 myoblasts 
The next aim was to investigate the effect of lamin A overexpression on clock gene expression. 
C2C12 myoblasts were transfected with 1μg lamin A plasmid or pcDNA3 control using Polyfect 
reagent (Qiagen) (Moiseeva, et al., 2015). Samples were analysed for gene and protein expression by 
qRT-PCR and Western blotting, respectively, both normalised to β-Actin. Data show a successful 
increase in lamin A mRNA and total LMNA protein levels in C2C12 myoblasts (Figure 4.9 and 4.10 and 
p≤0.001 and p≤0.05).  
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Figure 4.9. Lamin A overexpression in C2C12 myoblasts transfected with lamin A plasmid or 
pcDNA3 control. C2C12 myoblasts were transfected with 1μg lamin A plasmid or pcDNA3 control 
and incubated for 48 hours before RNA extraction. Lmna mRNA was analysed by qRT-PCR using the 
Pfaffl method and normalised to β-Actin (Pfaffl, 2001).  Data were expressed as a fold change 
relative to pcDNA3 control which was expressed as 1 and presented as means (unpaired t-test, 
***p≤0.001, three independent experiments n=3). 
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Figure 4.10. Representative Western blot images and protein densitometry analysis of C2C12 
myoblasts transfected with lamin A plasmid or pcDNA3 control. (A) Protein samples were ran on 
10% acrylamide gels, transferred, and incubated with primary antibodies for anti-mouse Lmna 
(Sigma;) and anti-rabbit β-Actin (Sigma; 1:2000) and followed by secondary IRDye® antibodies for 
goat anti-rabbit 800CW and goat anti-mouse 680RD (Licor; 1:20000) (B) Densitometry values were 
calculated using the analysis software provided by Image Studio Lite Version 5.2 and LMNA bands 
were normalised to β-ACTIN. Data were expressed as a fold change relative to pcDNA3 control which 
was expressed as 1 and presented as means (unpaired t-test, *p≤0.05, ns = p>0.05, n=3). 
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4.4.3.2 Lamin A overexpression in C2C12 myoblasts significantly up-regulates 
clock gene expression 
To examine whether lamin A overexpression affects the expression of the core circadian clock genes, 
C2C12 myoblasts with lamin A overexpression were analysed by qRT-PCR to study clock gene mRNA 
and were normalised to β-Actin. Lamin A overexpression in C2C12 myoblasts significantly increased 
the expression of Per1, Per2, and Bmal1, and significantly decreased the expression of Cry1 (Figure 
4.11, unpaired t-test, p≤0.05, p≤0.001, and p≤0.05, and p≤0.01, respectively). An F-test of variance 
identified a significant change in the expression of Rev-erbα (Figure 4.11, p≤0.05).  
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Figure 4.11. Circadian clock gene expression in C2C12 myoblasts transfected with lamin A plasmid 
or pcDNA3 control. C2C12 myoblasts were transfected with 1μg lamin A plasmid or pcDNA3 control 
and incubated for 48 hours before RNA extraction. Clock gene expression was analysed by qRT-PCR 
using the Pfaffl method and normalised to β-Actin (Pfaffl, 2001). Data were expressed as a fold 
change relative to pcDNA3 control which was expressed as 1 and presented as means (unpaired t-
test, *p≤0.05, **p≤0.01, and ***p≤0.001, ns = p>0.05, three independent experiments n=3; Rev-
erbα analysed by an F-test of variance, *p≤0.05). 
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4.4.3.3 Lamin A overexpression is sustained in C2C12 myoblasts after 
synchronisation for 48 hours 
The next aim was to further investigate the effect of lamin A overexpression on circadian clock gene 
expression by collecting lamin A-overexpressing C2C12 myoblasts over a circadian time-course. 
C2C12 myoblasts were transfected with 1μg lamin A plasmid or pcDNA3 control and subsequently 
synchronised by 100nM Dexamethasone for 1 hour.  Samples were collected every 4 hours for 24 
hours over 7 circadian time points (24 hours-48 hours) and analysed for gene and protein expression 
by qRT-PCR and Western blotting, both normalised to β-Actin. Data demonstrated sustained 
overexpression of lamin A over the 24-hour time-course in comparison to the pcDNA3 control 
transfected samples (Figures 4.12 and 4.13, two-way ANOVA: p≤0.01, p≤0.001, and p≤0.0001). 
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Figure 4.12. Circadian time-course of lamin A gene expression in Dexamethasone synchronised 
C2C12 myoblasts transfected with lamin A or pcDNA3 plasmids. C2C12 myoblasts were transfected 
with 1μg lamin A plasmid or pcDNA3 control and incubated for 24 hours before being synchronised 
with 100nM Dexamethasone for 1 hour. Twenty four hours post-synchronisation, cells were 
collected every 4 hours for 24 hours for RNA extraction. Lmna mRNA was analysed by qRT-PCR using 
the Pfaffl method and normalised to β-Actin (Pfaffl, 2001). Data were expressed as a fold change 
relative to pcDNA3 control which was expressed as 1 and presented as means± s.e.m (two-way 
ANOVA, **p≤0.01, ***p≤0.001, ****p≤0.0001, n=3). 
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Figure 4.13. Representative Western blot images and protein densitometry analysis of circadian 
time-course in Dexamethasone synchronised C2C12 myoblasts transfected with lamin A or 
pcDNA3 plasmids. (A) Protein samples were ran on 10% acrylamide gels, transferred and primary 
antibodies incubated for anti-mouse Lmna (Sigma; 1:5000) and anti-rabbit β-Actin (Sigma; 1:2000), 
followed by secondary IRDye® antibodies for goat anti-rabbit 800CW and goat anti-mouse 680RD 
(Licor; 1:20000) (B) Densitometry values were calculated using the analysis software provided by 
Image Studio Lite Version 5.2. LMNA bands were normalised to β-ACTIN. Data were expressed as a 
fold change relative to pcDNA3 control which was expressed as 1 and presented as means± s.e.m 
(two-way ANOVA, ****p≤0.0001, n=3).  
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4.4.3.4 Circadian time-course of synchronised C2C12 myoblasts 
overexpressing lamin A demonstrates an upregulation of the core clock genes 
The next aim was to investigate circadian clock gene expression in lamin A-overexpressing C2C12 
myoblasts over a circadian time-course. qRT-PCR was used over a full circadian time-course (24-
48hrs) to analyse the response of clock genes, and data were normalised to β-Actin. C2C12 
myoblasts overexpressing lamin A demonstrated an up-regulated expression of Per1 and Bmal1 at 
the 36 and 44 hour time-points respectively, in comparison to pcDNA3 control transfected myoblasts 
(Figure 4.14, two-way ANOVA and p≤0.05 and p≤0.01). There was no significant change in Per2, Cry1, 
or Rev-erbα expression.  
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Figure 4.14. Circadian time-course of clock gene expression in Dexamethasone synchronised C2C12 
myoblasts overexpressing lamin A. C2C12 myoblasts were transfected with 1μg of lamin A or 
pcDNA3 plasmid and incubated for 24 hours before synchronisation with 100nM Dexamethasone for 
1 hour. Twenty four hours post-synchronisation, cells were collected every 4 hours for 24 hours for 
RNA extraction. Clock gene expression was analysed by qRT-PCR using the Pfaffl method and 
normalised to β-Actin (Pfaffl, 2001).  Data were expressed as a fold change relative to pcDNA3 
control which was expressed as 1 and presented as means± s.e.m (two-way ANOVA, *p≤0.05, 
**p≤0.01, three independent experiments n=3). 
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4.4.4 Real-time Bioluminescence imaging of Bmal1::Luc, lamin A up-
regulates Bmal1 gene expression 
4.4.4.1 C2C12 myoblasts can be stably transfected with Bmal1::Luc plasmid 
To dynamically visualise the expression of the core clock in C2C12 myoblasts, the next aim was to 
generate novel C2C12 myoblasts with a stable transfection of Bmal1::Luc reporter plasmid (Meng, et 
al., 2008). First, to identify a suitable concentration of selective antibiotic to use, C2C12 myoblasts 
seeded into a 6-well plate were treated with an increasing concentration of the antibiotic 
Hygromycin (Santa-Cruz) (Figure 4.15, 100μg, 200 μg, 400μg, and 1mg per mL concentrations). 
400μg/mL of Hygromycin killed all myoblasts in the well within 5 days, and was chosen for stable 
transfection experiments. To set up stable transfections, C2C12 myoblasts were seeded into a 6-well 
plate and at 60% confluency were transfected with 1μg Bmal1::Luc plasmid. After 48 hours, 
myoblasts transfected with the plasmid were selected for by the addition of 400μg/mL Hygromycin, 
as the Bmal1::Luc plasmid contains a Hygromycin resistance gene. Once selected, cells with the 
stable Bmal1::Luc transfection were maintained in 200μg/mL of Hygromycin. To observe Bmal1::Luc 
expression in real-time, C2C12 myoblasts stably transfected with Bmal1::Luc were seeded into 
35mm dishes and allowed to reach 90-100% confluency before they were synchronised with 
Dexamethasone or serum shock and placed into the LumiCycle. Real-time bioluminescent imaging 
permits the dynamic observation of Bmal1 expression, and traces from myoblasts synchronised with 
Dexamethasone were in better synchronisation than those synchronised through serum shock 
(Figures 4.16 and 4.17). 
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Control                     100μg/mL                 200μg/mL               400μg/mL        1mg/mL 
Day 0 
 
 
Day 2 
 
 
Day 4 
 
 
Day 5 
Figure 4.15. C2C12 cells left as a control or treated with an increasing concentration of Hygromycin (100µg/mL – 1mg/mL), and 
imaged between day 0 and day 5. 
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Figure 4.16. Real-time bioluminescent imaging of C2C12 myoblasts with stable transfection of 
Bmal1::Luc plasmid, synchronised with Dexamethasone and after two days – at time 2.2, 
resynchronised with Dexamethasone.   
 
 
 
 
 
 
 
 
 
 
Figure 4.17. Real-time bioluminescent imaging of C2C12 myoblasts with stable transfection of 
Bmal1::Luc plasmid, synchronised with serum shock and after two days – at time 2.2, 
resynchronised with serum shock.   
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4.4.4.2 Knockdown of lamin A in C2C12 myoblasts stably transfected with 
Bmal1::Luc represses Bmal1 expression 
To investigate in real-time the effect of lamin A manipulation on the core clock gene Bmal1 in 
muscle cells, the next aim was to knockdown lamin A in C2C12 myoblasts stably transfected with 
Bmal1::Luc plasmid and dynamically observe the response in the LumiCycle. Bmal1::Luc transfected 
C2C12 myoblasts were seeded into 35mm dishes and at 60% confluency were transfected with 5nm 
validated lamin A siRNA or scrambled control. After 24 hours they were synchronised with 100nM 
Dexamethasone and after a 45-minute incubation, the media was changed to LumiCycle media 
(Phenol red-free DMEM supplemented with 5% FBS, 10 mM Hepes (Sigma), 1 mM Sodium Pyruvate 
(Sigma), 2nM L-Glu, 0.1mg/mL P/S, and 100nM Luciferin (Promega)) and they were placed into the 
LumiCycle to record bioluminescence. Traces demonstrated that lamin A knockdown reduced the 
expression of Bmal1, a lower amplitude of expression can be observed in lamin A siRNA treated 
samples on comparison with scrambled control (Figure 4.18). 
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Figure 4.18. Real-time bioluminescent imaging of C2C12 cells with stable transfection of 
Bmal1::Luc plasmid and subsequent transfection with lamin A siRNA. 24 hours after transfection 
with 5nmol Lmna siRNA myoblasts were synchronised with 100nM Dexamethasone, after 45-minute 
incubation the media was changed to LumiCycle media and they were placed into the LumiCycle. 
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4.4.4.3 Overexpressing lamin A in C2C12 myoblasts stably transfected with 
Bmal1::Luc up-regulates Bmal1 expression 
To investigate in real-time the effect of lamin A overexpression on the core clock gene Bmal1 in 
muscle cells, the next aim was to overexpress lamin A in C2C12 myoblasts stably transfected with 
Bmal1::Luc plasmid and dynamically observe the response in the LumiCycle. Bmal1::Luc transfected 
C2C12 myoblasts were seeded into 35mm dishes and at 60% confluency were transfected with 1µg 
lamin A plasmid or pcDNA3 control. After 24 hours incubation the cells were synchronised with 
100nM Dexamethasone, and after a 45-minute incubation the media was changed to LumiCycle 
media and the myoblasts were placed into the LumiCycle. Traces demonstrated that lamin A 
overexpression up-regulates the expression of Bmal1, a higher amplitude of expression can be 
observed in lamin A transfected samples on comparison with pcDNA3 control (Figure 4.19). 
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Figure 4.19. Real-time bioluminescent imaging of C2C12 myoblasts with stable transfection of 
Bmal1::Luc plasmid and subsequently transfected with lamin A plasmid. 24 hours after 1µg lamin A 
plasmid transfection the myoblasts were synchronised with 100nM Dexamethasone, after 45-minute 
incubation the media was changed to LumiCycle media and they were placed into the LumiCycle. 
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4.4.5 Luciferase Assays demonstrate Per2::Luc activity is decreased 
by lamin A 
To investigate the relationship between lamin A and circadian clock gene expression using a 
different molecular technique, the next aim was to utilise reporter plasmids and observe the 
response of clock gene expression to different conditions involving lamin A. First, this study focused 
on observing the expression of Per2, part of the positive arm of the core clock. 3T3 cells were seeded 
into 12-well plates and at 50% confluency, transfected with 250 ng/mL of Per2::Luc plasmid and 
lamin A plasmid increasing in concentration from 0 to 500 ng per 2mL. Cells were incubated for 48 
hours before collection in Dual Reporter Lysis solution and reporter activity was measured on a 
Luminometer following the Dual-Light® Luciferase & β-Galactosidase Reporter Gene Assay System kit 
protocol (Thermofisher Scientific). The reporter activity, and Per2 expression, was decreased 
between the control and myoblasts transfected with 500 ng lamin A plasmid, and those transfected 
with 100 ng compared to 500 ng of lamin A plasmid (Figure 4.20; One-way ANOVA, p≤0.01 and 
p≤0.05). 
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Figure 4.20. Dual luciferase reporter assay of 3T3 cells transfected with Per2::Luc reporter plasmid 
and an increasing concentration of lamin A plasmid. 3T3 cells were transfected with 250 ng/mL of 
Per2::Luc plasmid and an increasing concentration of lamin A plasmid- from 0 to 500ng per 2mL. 
Cells were incubated for 48 hours before collection in Dual Reporter Lysis solution and reporter 
activity was measured on a Luminometer following the Dual-Light® Luciferase & β-Galactosidase 
Reporter Gene Assay System kit protocol (Thermofisher Scientific). Data were expressed as a fold 
change relative to Per2::Luc only control which was expressed as 1 and presented as means (one-
way analysis of variance (ANOVA), *p≤0.05, **p≤0.01, three independent experiments n=3). 
 
 
161 
 
4.4.6 Luciferase Assays demonstrate lamin A decreases the activity 
of Per2::Luc in the presence of BMAL1:CLOCK 
To further investigate the downregulation of Per expression by lamin A, the next aim was to observe 
whether lamin A represses Per upregulation observed in response to the BMAL1:CLOCK 
heterodimer. In this regard, 3T3 cells were transfected at 50% confluency with 250 ng/mL Per2::Luc 
reporter plasmid and 250 ng/mL of Bmal1 and Clock plasmid, or 500 ng/mL of lamin A plasmid, or 
both in combination. Cells were incubated for 48 hours before collection in Dual Reporter Lysis 
solution and reporter activity was measured on a Luminometer following the Dual-Light® Luciferase 
& β-Galactosidase Reporter Gene Assay System kit protocol. There was an increase in Per expression 
with Bmal1 and Clock transfection and the expression of Per was decreased in lamin A transfected 
samples compared to Bmal1 and Clock transfected samples (Figure 4.21; One-way ANOVA, p≤0.05 
and p≤0.01). The upregulation of Per in response to Bmal1 and Clock transfection was lost when 
myoblasts were transfected with Bmal1, Clock, and lamin A plasmid in combination (Figure 4.21). 
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Figure 4.21. Dual luciferase reporter assay of 3T3 cells transfected with Per2::Luc reporter plasmid, 
Bmal1 and Clock, and lamin A plasmids. 3T3 cells were transfected with 250 ng/mL of Per2::Luc 
plasmid and 250 ng/mL of Bmal1 and Clock plasmid or 500 ng/mL of lamin A plasmid, or both. Cells 
were incubated for 48 hours before collection in Dual Reporter Lysis solution and reporter activity 
was measured on a Luminometer following the Dual-Light® Luciferase & β-Galactosidase Reporter 
Gene Assay System kit protocol (Thermofisher Scientific). Data were expressed as a fold change 
relative to Per2::Luc only control which was expressed as 1 and presented as means (one-way 
analysis of variance (ANOVA), *p≤0.05, **p≤0.01, three independent experiments n=3). 
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4.4.7 Luciferase Assays demonstrate lamin A increase does not 
change the activity of Bmal1::Luc  
Next, a Bmal1::Luc reporter plasmid was used to observe the activity of Bmal1, part of the negative 
arm of the core clock, in response to different conditions involving lamin A. 3T3 cells at 50% 
confluency were transfected with 250ng/mL of Bmal1::Luc plasmid and lamin A plasmid increasing in 
concentration from 0 to 500 ng per 2mL. Cells were incubated for 48 hours before collection in Dual 
Reporter Lysis solution and reporter activity was measured on a Luminometer following the Dual-
Light® Luciferase & β-Galactosidase Reporter Gene Assay System kit protocol. There was no change 
in Bmal1 expression with increasing concentrations of lamin A (Figure 4.22).  
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Figure 4.22. Dual luciferase reporter assay of 3T3 cells transfected with Bmal1::Luc reporter 
plasmid and an increasing concentration of lamin A plasmid. 3T3 cells were transfected with 250 
ng/mL of Bmal1::Luc plasmid and an increasing concentration of lamin A plasmid- from 0 to 500 ng 
per 2mL. Cells were incubated for 48 hours before collection in Dual Reporter Lysis solution and 
reporter activity was measured on a Luminometer following the Dual-Light® Luciferase & β-
Galactosidase Reporter Gene Assay System kit protocol (Thermofisher Scientific). Data were 
expressed as a fold change relative to Bmal1::Luc only control which was expressed as 1 and 
presented as means (one-way analysis of variance (ANOVA), three independent experiments n=3). 
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4.4.8 Luciferase Assays demonstrate lamin A does not alter the Cry1 
repression of Bmal1::Luc  
To further investigate whether Bmal1 expression is responsive to lamin A, the next aim was to 
observe whether the repression of Bmal1 expression observed in response to Cry1 is altered in the 
presence of lamin A. Cry1 is part of the negative arm of the core clock and naturally feeds-back to 
repress Bmal1 expression. 3T3 cells were transfected at 50% confluency with 250 ng/mL Bmal1::Luc 
reporter plasmid and 250 ng/mL of Cry1 plasmid or 100 ng/mL of lamin A plasmid, or both in 
combination. Cells were incubated for 48 hours before collection in Dual Reporter Lysis solution and 
reporter activity was measured on a Luminometer following the Dual-Light® Luciferase & β-
Galactosidase Reporter Gene Assay System kit protocol. There was a decrease in Bmal1 expression 
with Cry1 transfection compared to both control and lamin A transfected cells (Figure 4.23; One-way 
ANOVA, p≤0.05). The expression of Bmal1 remains decreased upon dual transfection with Cry1 and 
lamin A compared to cells transfected with either the control or lamin A alone (Figure 4.23; One-way 
ANOVA, p≤0.05). 
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Figure 4.23. Dual luciferase reporter assay of 3T3 cells transfected with Bmal1::Luc reporter 
plasmid, Cry1, and lamin A plasmids. 3T3 cells were transfected with 250 ng/mL of Bmal1::Luc 
plasmid and 250 ng/mL of Cry1 plasmid or 100 ng/mL of lamin A plasmid, or both. Cells were 
incubated for 48 hours before collection in Dual Reporter Lysis solution. Reporter activity was 
measured on a Luminometer following the Dual-Light® Luciferase & β-Galactosidase Reporter Gene 
Assay System kit protocol (Thermofisher Scientific). Data were expressed as a fold change relative to 
Bmal1::Luc only control which was expressed as 1 and presented as means (one-way analysis of 
variance (ANOVA), *p≤0.05, three independent experiments n=3). 
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4.5 Discussion  
Research in the previous chapter identified rhythmic oscillations in Lmna mRNA expression and 
protein levels, and that the expression of Lmna is in phase with the negative arm core clock genes. 
The next aim was to progress these studies and investigate a potential feedback relationship 
between lamin A and the circadian molecular clock. This is a common mechanism observed in other 
circadian clock controlled proteins that feedback to regulate the molecular clock itself, such as REV-
ERBα and DEC1 (Guillaumond, et al., 2005; Nakashima, et al., 2008). These are known as stabilising 
or auxiliary loops and reinforce the molecular clock, increasing robustness. Recent research 
identified TGF-β as a clock-controlled gene up-regulated by BMAL1:CLOCK (Chen, et al., 2015b). 
Inhibition of TGF-β lengthened the molecular clock period, and decreased the amplitude and phase 
delayed Per1 mRNA expression (Sloin, et al., 2018). Hence, TGF-β provides feedback regulation to 
the circadian clock through regulation of Per1. In addition, TGF-β inhibition disrupted the circadian 
rhythm of locomotor activity in Zebrafish larvae (Sloin, et al., 2018). Given the body of research 
recognising that some clock-controlled proteins provide feedback regulation to the molecular clock, 
it was predicted that lamin A also comprises a regulatory feedback loop. As discussed in the ‘Gene 
Expression hypothesis’, lamin A regulates gene expression through the regulation of transcription 
factor localisation, genome organisation, cell cycle control, and nuclear-cytoplasmic shuttling. These 
functions all represent plausible mechanisms that lamin A may use to regulate the core clock.  
The experimental design of this chapter is consistent with previous studies investigating potential 
feedback regulation acting on the circadian clock. Proteins of interest are investigated through 
utilising overexpression, knockdown, and reporter assay experiments to observe whether the 
expression of core and auxiliary clock genes are altered (Akashi and Takumi, 2005; Nakashima, et al., 
2008; Wang, et al., 2010; Shostak, et al., 2016). The molecular loop is a finely tuned orchestration of 
transcriptional regulation, protein production, protein localisation, and stability. Any proteins 
involved in providing fine-tuning, feedback regulation to the molecular clock must be present during 
168 
 
the correct periods of the cycle, in the correct location, and at the correct levels. Consequently, 
overexpression and knockdown experiments determine whether a protein of interest interacts with 
the core clock, as these genetic manipulations would result in abnormally high or low levels of this 
regulation. The effect of these manipulations on clock gene expression can then be monitored using 
qRT-PCR, Western blotting or reporter assays. Moreover, reporter assays may be used to observe 
clock gene activity in response to the deletion of segments of the protein of interest or of the clock 
gene promoters, to identify areas of potential interaction (Lin, et al., 2014). If these genetic 
manipulations disturb the sensitive cycling of the core clock and offset temporal cues in feedback 
pathways, this indicates that the protein of interest may be involved in regulating of one or more 
core clock genes.  
The results in this chapter demonstrate a relationship between lamin A and the circadian clock. 
Lamin A knockdown in C2C12 myoblasts dampened the expression of the core and auxiliary clock 
genes: Per1, Per2, Bmal1, Cry1, and Rev-erbα (Figure 4.3, p≤0.05 and p≤0.01). Overexpression of 
lamin A increased the expression of Per1, Per2, and Bmal1, and decreased the expression of Cry1 
(Figure 4.11, p≤0.05, p≤0.01, and p≤0.001). These results were confirmed through real-time-
bioluminescent imaging of lamin A manipulation in C2C12 myoblasts with a stable transfection of 
the Bmal1::Luc reporter plasmid (Figures 4.18 and 4.19). Hence, this enabled us to predict that lamin 
A feeds back to regulate the core clock through up-regulating the expression of Per1, Per2, and 
Bmal1 and repressing the expression of Cry1. On lamin A knockout, lamin A repression of Cry1 
ceases but the other core clock genes are dampened due to loss of lamin A up-regulation. 
Accordingly, this would result in lower Cry1 expression due to a lack of BMAL1:CLOCK positive up-
regulation, despite the loss of Cry1 repression. Overexpression of lamin A would increase Cry1 
repression, reducing the levels of Cry1 expression, and would increase the expression of Per1, Per2, 
and Bmal1, as there would be higher levels of lamin A direct up-regulation.  
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Table 4.1. Lamin A manipulation in C2C12 myoblasts Experimental Data Summary. Table 
summarising significant gene changes in C2C12 myoblasts with lamin A siRNA knockdown or plasmid 
overexpression, *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. 
Lamin A Manipulation Circadian Clock response 
C2C12 siRNA knockdown Decrease in Per1**, Per2**, Bmal1*, Cry1**, and 
Rev-erbα**  
C2C12 siRNA knockdown time-course Decrease in Per1***, Per2***, Bmal1***, and 
Cry1**** 
C2C12 Lamin A overexpression Increase Per1*, Per2***, and Bmal1*, Decrease 
Cry1** 
C2C12 Lamin A overexpression time-
course 
Increase in Per1* and Bmal1** 
Bmal1::Luc C2C12 lamin A siRNA Decreased amplitude in Bmal1 oscillation 
Bmal1::Luc C2C12 lamin A 
overexpression 
Increased amplitude in Bmal1 oscillation 
 
In contrast, Dual Reporter Assays of 3T3 cells transfected with Per2::Luc or Bmal1::Luc and 
expression plasmids for core clock genes and lamin A produced differing results to previous work. 
Transfection of 3T3 cells with Per2::Luc reporter plasmid and an increasing concentration of lamin A 
plasmid decreased Per2 expression (Figure 4.20; One-way ANOVA, p≤0.01 and p≤0.05). Furthermore, 
3T3 cells transfected with Per2::Luc, Bmal1, Clock, and lamin A plasmids lost the upregulation of 
Per2::Luc observed in response to transfection with Bmal1 and Clock alone – lamin A is preventing 
this upregulation (the positive arm proteins BMAL1:CLOCK act to upregulate Per) (Figure 4.21).  
Conversely, transfection of 3T3 cells with Bmal1::Luc reporter plasmid and an increasing 
concentration of lamin A plasmid demonstrated no change in Bmal1 expression, and lamin A plasmid 
did not disturb Cry1 repression of Bmal1 (Figure 4.22 and Figure 4.23). This Luciferase reporter data 
for Per2::Luc in response to lamin A supports the thesis hypothesis that lamin A interacts with the 
circadian clock but demonstrates an opposite relationship to previous results; overexpression of 
lamin A is no longer upregulating Per1 or Per2 expression (Figure 4.11). In addition, Bmal1 
expression is not increased in response to lamin A overexpression (Figure 4.11). It was predicted that 
these reporter assay results may be due to the section of the promoter sequence that is included in 
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the reporter plasmid constructs; these constructs do not include the entire promoter sequence. In 
particular, the section of the promoter through which lamin A interacts to regulate the expression of 
these core clock genes may not be included within these constructs. Hence, the same response in 
reporter activity would not be observed.  
Table 4.2 Dual Reporter Assays of 3T3 cells Experimental Data Summary. Table summarising 
significant gene changes in Dual Report assays with Per2::Luc or Bmal1::Luc and expression plasmids 
for core clock genes and lamin A, **p≤0.01. 
Lamin A Manipulation Circadian Clock response 
Per2::Luc Assay: Increasing Lmna Lmna represses Per2** 
Per2::Luc Assay: Lmna, Bmal1 + Clock Lmna decreases Per2 upregulation by Bmal1:Clock 
Bmal1::Luc Assay: Increasing Lmna No Change 
Bmal1::Luc Assay: Lmna, Cry1 Lmna no effect on Cry repression of Bmal1 
 
This research is consistent with previous work that discovered proteins with feedback relationships 
to the molecular clock. Overexpression of Myc in U2OS cells dampens and attenuates the circadian 
clock through overexpressing Rev-erbα and repressing Bmal1 expression (Altman, et al., 2015). 
Furthermore, Myc knockdown by siRNA increases the expression of core clock genes and the 
amplitude of oscillations, strengthening the circadian clock (Shostak, et al., 2016). Myc regulates cell 
cycle progression and proliferation with an inverse relationship to the core clock (Shostak, et al., 
2016). Myc overexpression and repression promotes and reduces proliferation, respectively. This 
relationship with Myc and the molecular clock is opposite to the relationship observed with lamin A 
and the molecular clock. Moreover, Maged1 interaction with the clock was investigated through 
observing the response of the molecular clock to the loss of Maged1 in knockout mice. qRT-PCR data 
demonstrated decreased expression of Bmal1 and a short period phenotype, observed in the output 
of locomotor activity (Wang, et al., 2010). These genetic manipulations enable explorative studies 
into feedback relationship with the circadian clock.  
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Emerin is a lamin A binding partner and lamin A is important in ensuring correct localisation and 
function of emerin (Vaughan, et al., 2001).  The impairment of MKL1 translocation in lamin A-/- MEFs 
was rescued by ectopic emerin transfection; it was hypothesised that emerin overexpression 
increased the levels of emerin correctly localised and available at the nuclear periphery (Ho, et al., 
2013). Given this previous research, the next aim investigated whether emerin overexpression could 
rescue clock gene expression in C2C12 myoblasts knocked-down for lamin A. The expression of core 
clock genes Per1, Per2, Bmal1, and Rev-erbα were upregulated with emerin overexpression, 
compared to C2C12 myoblasts with lamin A knockdown and overexpression of GFP only plasmid 
control (Figure 4.8). These data support emerin as an up-regulator of the core clock genes and Rev-
erbα, not including Cry1, in myoblasts with lamin A knockdown. However, the increase in Per1, Per2, 
Bmal1, and Rev-erbα expression may be due to the increase in Lmna observed in response to 
overexpression of emerin. 
This research is supported by previous studies alluding to the importance of circadian temporal 
dynamics within the nucleus. Lin et al. discovered circadian oscillations in MAN1, lamin B1, and LBR 
expression (Lin, et al., 2014). Thus, nuclear proteins can be subject to circadian clock control, as 
identified in the previous chapter for lamin A in musculoskeletal cells. Further experimentation 
identified MAN1 as regulator of Bmal1; through binding to the Bmal1 promoter MAN1 up-regulates 
Bmal1 expression (Lin, et al., 2014). Furthermore, recent work identified that the regulation of 
nuclear-cytoplasmic translocation is an important regulator of the circadian molecular clock. 
Transportin 1 (TNPO1), a nuclear import carrier, complexes with PER1 and acts to regulate its 
nuclear location; TNPO1 knockdown impairs the nuclear import rate of PER1 (Korge, et al., 2018). In 
response to redox stress, there is an increase in TNPO1 and PER1 complexes, and this may constitute 
a feedback pathway to the circadian clock in response to a change in redox states (Korge, et al., 
2018). Importantly, this work supports the research in this chapter and reinforces nuclear protein 
involvement in providing feedback regulation to the molecular core clock through transcription 
regulation. 
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Recent research highlighted the importance of 3D genome organisation and temporal chromosome 
dynamics in functioning circadian rhythms. Circadian timing mechanisms were discovered in the 
recruitment of the genome, containing LAD domains, to the nuclear lamina by CTCF-PARP1 (Zhao, et 
al., 2015). At the nuclear periphery, genes become silenced and acquire the repressive H3K9me2 
chromatin modifier. Time-course data revealed circadian oscillations in the relocation of genes to 
the nuclear lamina and H3K9me2 acquisition (Zhao, et al., 2015). The recruitment of genes to the 
nuclear periphery is already suggested to be important in developmental silencing of tissue-specific 
genes, such as silencing during muscle development (Solovei, et al., 2013). Research has also shown 
that functioning circadian rhythms are important in muscle development and maintenance; notably, 
clock gene mutant mice have impaired development, function, and activity (Kondratov, et al., 2006; 
Andrews, et al., 2010). Therefore, a functioning nuclear lamina and circadian clock are essential for 
correct development of muscle. Temporal localisation of genes to the nuclear lamina is one possible 
mechanism that links clock controlled gene expression with lamin A. The nuclear lamina regulates 
Per1 expression through temporal localisation to and from the nuclear periphery in a circadian 
manner (Zhao, et al., 2015). This research is consistent with the findings in this chapter and supports 
a mechanism of feedback regulation by lamin A to the core clock.  
4.6 Conclusion 
To conclude, this research provides supportive data identifying a relationship between lamin A and 
the circadian clock. Manipulation of lamin A through overexpression and knockdown experiments 
disrupted core clock gene expression in C2C12 undifferentiated myoblasts, observed in both 
transient and circadian time-course samples. Future research may uncover the mechanism of 
regulation by lamin A to the circadian clock, and identify if the loss of circadian cycling in 
laminopathy patients contributes to tissue-specific defects. 
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5. A role for mechanobiology in regulating the 
circadian clock in musculoskeletal cells through 
lamin A associated mechanisms? 
5.1 Introduction 
5.1.1 The Suprachiasmatic Nucleus and Exercise 
The development and homeostasis of muscle is reliant on functional circadian rhythms and exercise. 
The skeletal muscle transcriptome oscillates with a circadian rhythm; this includes genes that 
regulate myogenesis such as MyoD and Myogenin (McCarthy, et al., 2007; Andrews, et al., 2010; 
Shavlakadze, et al., 2013). The importance of functioning circadian rhythms in muscle can be 
demonstrated through mutating circadian genes and observing the response in musculoskeletal cells 
and in mouse models. C2C12 myoblasts with Bmal1 knockout have suppressed expression of MyoD, 
Myogenin, and Myf6, and an impaired capacity to differentiate (Chatterjee, et al., 2013). This 
impairment in musculoskeletal tissues was also observed in primary myoblasts isolated from Bmal1 
knockout mice (Chatterjee, et al., 2013). Furthermore, in comparison to wild type mouse muscle, 
Clock-/- mice demonstrated altered transcription in 35% of the skeletal muscle transcriptome 
(McCarthy, et al., 2007). Moreover, exercise has the ability to feedback and modify circadian 
rhythms in mice (Edgar and Dement, 1991; Marchant and Mistlberger, 1996; Yamanaka, et al., 
2008). Scheduled exercise in mice during the day and early during the dark phase dampened the 
oscillations of Per1 and Per2, and Per2 in the SCN, respectively (Maywood, et al., 1999; Schroeder, et 
al., 2012). Additionally, in humans, scheduled night-time exercise shifted and delayed the SCN 
circadian clock, observed through a shift in hormone oscillations such as melatonin (Barger, et al., 
2004). Exercise also was also sufficient to accelerate the re-entrainment of the sleep-wake cycle to 
an 8-hour phase-advanced cycle; melatonin levels revealed that this re-entrainment was 
independent from the SCN (Yamanaka, et al., 2010). Hence, functioning circadian rhythms are 
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important in muscle development and maintenance, and muscular activity sends feedback 
information to the SCN as a time cue, or zeitgeber, to synchronise the circadian clock. 
5.1.2 Skeletal muscle peripheral clock and exercise 
Exercise synchronises the peripheral clocks, including those in skeletal muscle, independently from 
the SCN; however, the mechanism of how these signals are communicated remains unknown. The 
skeletal muscle circadian clock can be re-synchronised independently of the SCN by the zeitgeber 
exercise. Consequently, the peripheral clocks in skeletal muscle become synchronised to the 
behavioural activity of exercise. CLOCK protein in cardiac myocytes is localised at the Z-disk and in 
response to contractile activity, CLOCK protein production and its translocation into the nucleus is 
increased (Qi and Boateng, 2006). Furthermore, decreasing contractile activity significantly reduced 
the levels of CLOCK protein in the nucleus (Qi and Boateng, 2006). Exposure of Per2::Luc mice to 2 
hours of voluntary or involuntary exercise for 4 weeks shifted the skeletal muscle clock, examined 
through real-time bioluminescent imaging of soleus, FDB, and EDL muscles (Wolff and Esser, 2012). 
Despite research identifying that the peripheral clocks in musculoskeletal tissues are synchronised 
by exercise, this mechanism of synchronisation has not been uncovered.  
The ability of exercise to entrain circadian clocks within skeletal muscle ensures that muscle cells are 
synchronised to the correct time-of-day in accordance with environmental activities. The coupling of 
exercise with circadian rhythm temporal regulation is emerging as a vital role in the maintenance 
and health of skeletal muscle (Chatterjee and Ma, 2016). How circadian rhythms are regulated by 
mechanical stimulation and how circadian rhythms may be affected in chronic diseases of muscle is 
an exciting new area of research. Advances in this area may utilise exercise to manipulate and 
maintain effective circadian rhythms, and downstream clock-controlled regulation, with the aim of 
restoring temporal tissue-specific gene regulation and muscle health. 
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5.1.3 Mechanosensitive Lamins 
Lamin A is mechanosensitive; cells that experience higher proportions of mechanical load, such as 
bone, have higher levels of lamin A (Swift, et al., 2013). Lamin A increases respectively with load to 
ensure that cells are protected against an increase in mechanical stimulation. Lamin A structurally 
protects the nucleus, preventing DNA damage, and can facilitate the regulation of 
mechanotransduction pathways and muscle-specific gene regulation through genome organisation 
and transcription factor regulation (Markiewicz, Ledran, and Hutchison, 2005; Mazumder and 
Shivashankar, 2010; Osmanagic-Myers, Dechat, and Foisner, 2015). Muscle cells experience 
mechanical strain in response to active/rest diurnal cycles. During behavioural exercise periods, the 
muscle is active and the cells are strained; this activity oscillates with a circadian rhythm. Previous 
research in this thesis demonstrated rhythmic oscillations in the levels of lamin A protein in 
musculoskeletal tissues, and a coupling of lamin A with the circadian clock through lamin A induced 
circadian gene upregulation (see Chapter 3, Figure 3.1 and Figure 3.3; Chapter 4, Figure 4.3 and 
Figure 4.11). As lamin A is mechanosensitive and relays mechanical stimulation signals to the nucleus 
to regulate mechanical signalling pathways, it was predicted that the relationship between lamin A 
and the circadian clock further includes regulation that communicates synchronising, time-keeping 
signals to the clock in response to exercise.  
5.2 A non-invasive murine joint loading model 
5.2.1 Benefits of an in vivo model 
While in vitro and ex vivo experiments provide useful data, to understand the complexity of 
mechanobiology and the circadian clock, an in vivo model is required. Myoblasts or myotubes 
subject to mechanical stimulation in vitro will lack systemic signals, often important in circadian 
homeostasis. Hence, incorporating an in vivo model into this research facilitated more appropriate 
investigations into the effect of mechanical strain on circadian clock gene expression in specific 
muscles of interest. This research had the opportunity to collect muscle tissue from an in vivo 
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loading study and the aim was to determine whether, within the whole organism, the 
musculoskeletal circadian clock genes respond to acute and chronic loading regimes (undertaken to 
induce femorotibial joint osteoarthritis (OA)) through non-invasive loading in the knees of mice.  
5.2.2 in vivo loading model 
Non-invasive mechanical loading can be applied to the joint of a chosen animal model. This was first 
developed in rabbits as an in vivo model to produce and study OA in the joint, and was proposed as a 
less aggressive alternative to surgical models (Radin, et al., 1978). The model used in this in vivo 
study was first designed and described by Poulet et al. and samples were a kind gift from Blandine 
Poulet (Poulet, et al., 2011). The novel mechanism held the mouse tibia of the right knee in place 
with a baseline load of 2N. A force of 9N was applied to the tibia for 0.05 seconds, with a rise and fall 
time of 0.025 seconds, and the tibia was held at baseline load for 9.99 seconds in between peak 
loads (Figure 2.6). This was repeated for 40 cycles and produced no adverse side effects, mice 
walked normally on both their hind limbs immediately post-loading (Poulet, et al., 2011). Repetitive 
mechanical loading damages articular cartilage, modifies subchondral bone, and thickens epiphyseal 
trabecular bone, which are all characteristics of OA pathology (Poulet, et al., 2015).   
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5.3 Hypothesis and Aims 
5.3.1 Hypothesis 
The circadian clock in musculoskeletal tissues responds to in vitro and in vivo mechanical strain, 
investigated through utilising an in vitro cell culture loading device and an in vivo mechanical loading 
system, and lamin A is responsible for communicating this response. 
5.3.2 Aims 
 Determine whether circadian gene expression in musculoskeletal cells responds to in vitro 
cyclical strain.  
 Observe whether the response in circadian clock gene expression to mechanical strain is 
altered following knockdown of lamin A.  
 Utilise an in vivo loading model to determine whether the muscle circadian clock is 
responsive to loading, using two different loading protocol regimes.   
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5.4 Results 
5.4.1 Clock genes in myoblasts are unchanged in response to in 
vitro strain 
5.4.1.1 In vitro mechanical stimulation of C2C12 myoblasts does not lead to 
changes in Lmna expression 
To investigate whether the circadian clock in undifferentiated myoblasts respond to mechanical 
stimulation, the cell culture-loading device the Flexcell machine (Flexcell International) was used. 
C2C12 myoblasts were seeded into Bioflex 6-well plates (Flexcell international), with wells containing 
a PDMS membrane coated with laminin, and at 60% confluency were loaded for 24 hours on the 
Flexcell machine at 6.66% strain and at a frequency of 1Hz, with no effect on myoblast viability 
(Figure 5.1). The myoblasts were collected straight after the loading period finished in Purezol 
(Biorad) and analysed by qRT-PCR and Western blotting, both normalised to β-Actin. Between static 
and loaded myoblasts, no change was identified in lamin A protein and a significant change in Lmna 
mRNA was identified (Figure 5.2 and Figure 5.3; F-test of variance, p≤0.05). 
 
Figure 5.1. C2C12 myoblasts seeded onto laminin coated Bioflex plates loaded on the Flexcell 
machine, demonstrating loading has no effect on C2C12 viability. A. Myoblasts prior to loading 
grown in (DMEM supplemented with 10% FBS, 2nM L-Glu, 0.1mg/mL P/S). B. Myoblasts post 24 
hours of 6.66% strain at a frequency of 1Hz. 
 
A. Pre-load                                    B. Post-load 
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Figure 5.2. Lamin A gene expression in C2C12 myoblasts loaded on the Flexcell machine for 24 
hours at 6.66% strain, demonstrate no change in Lmna expression compared to static control. 
C2C12 myoblasts were seeded onto Bioflex plates consisting of silicone wells coated with laminin. 
After 24 hours the chambers were loaded on the Flexcell machine for 24 hours at 6.66% strain 
before collection in Purezol. Lmna mRNA was analysed by qRT-PCR using the Pfaffl method and 
normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were expressed as fold change relative 
to static control which was expressed as 1 and presented as means (F-test of variance, *p≤0.05, 
three independent experiments n=3). 
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Figure 5.3. Representative Western blot images and densitometry analysis of lamin A protein 
expression in C2C12 myoblasts loaded on the Flexcell machine for 24 hours at 6.66% strain, 
demonstrates no change in LMNA. (A) Protein samples were ran on 10% acrylamide gels, 
transferred, and incubated with primary antibodies for anti-mouse Lmna (Sigma; 1:2000) and anti-
rabbit β-Actin (Sigma; 1:2000) followed by secondary antibodies for goat anti-rabbit 800CW and goat 
anti-mouse 680RD (Licor; 1:20000). (B) Densitometry values were calculated using the analysis 
software provided by Image Studio Lite Version 5.2. LMNA bands were normalised to β-ACTIN. Data 
were expressed as % change relative to static which was expressed as 1 and presented as means 
(unpaired t-test, ns= p>0.05, two independent experiments n=2). 
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5.4.1.2 In vitro mechanical stimulation of C2C12 undifferentiated myoblasts 
does not lead to changes in clock gene expression 
To determine whether the circadian clock in C2C12 myoblasts is responsive to 24 hours 6.66% strain 
on the Flexcell machine, qRT-PCR was used to analyse circadian clock gene expression between 
static and loaded C2C12 myoblast samples. Results were normalised to β-Actin. An F-test of variance 
identified a significant change in the expression of Per1, Per2, Cry, and Bmal between static and 
strained samples, and there was no change in the expression of Rev-erbα or Clock (Figure 5.4; 
unpaired t-test, p≤0.05, p≤0.01).  
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Figure 5.4. Circadian clock gene expression in C2C12 myoblasts loaded on the Flexcell machine for 
24 hours at 6.66% strain, demonstrate no change in expression. C2C12 myoblasts were seeded 
onto Bioflex plates consisting of silicone wells coated with laminin. After 24 hours the chambers 
were loaded on the Flexcell machine for 24 hours before collection in Purezol. Circadian mRNA was 
analysed by qRT-PCR using the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 
2001). Data were expressed as fold change relative to static control which was expressed as 1 and 
presented as means (F-test of variance, *p≤0.05, **p≤0.01, ns= p>0.05,  three independent 
experiments n=3). 
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5.4.1.3 In vitro mechanical stimulation increases Lmna mRNA expression in 
primary myoblasts 
To determine whether the circadian clock in undifferentiated primary muscle cells responds to 
mechanical strain Per2::Luc primary myoblasts were seeded into laminin coated Bioflex plates and, 
at 70% confluency, were loaded dynamically for 24 hours on the Flexcell machine at 6.66% strain 
with a frequency of 1Hz. There was no effect on primary myoblast viability (Figure 5.5). The 
myoblasts were collected straight after the loading period finished in Purezol and analysed by qRT-
PCR and western blotting, both normalised to β-Actin. qRT-PCR data demonstrated an increase in 
lamin A mRNA expression in loaded myoblasts compared to static control (Figure 5.6; unpaired t-
test, p≤0.05). Protein data demonstrated no change in lamin A levels (Figure 5.7).  
 
Figure 5.5. Per2::Luc primary myoblasts seeded onto laminin coated Bioflex plates loaded on the 
Flexcell machine demonstrate no change to primary myoblast viability. A. Myoblasts prior to 
loading. B. Myoblasts post 24 hours of load at 6.66% strain. Per2::Luc primary myoblasts were 
seeded onto Bioflex plates consisting of silicone wells coated with laminin in normal primary animal 
media (DMEM supplemented with 10% FBS, 5% HS, 2nM L-Glu, 0.1mg/mL P/S). 
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Figure 5.6. Lamin A gene expression in Per2::Luc primary myoblasts loaded on the Flexcell machine 
for 24 hours at 6.66% strain, demonstrate Lmna expression upregulation. Per2::Luc myoblasts were 
seeded onto laminin coated Bioflex plates, after 24 hours they were loaded on the Flexcell machine 
for 24 hours at 6.66% strain before collection in Purezol. Lmna mRNA was analysed by qRT-PCR using 
the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were expressed 
as fold change relative to static control which was expressed as 1 and presented as means (unpaired 
t-test, *p≤0.05, three independent experiments n=3). 
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Figure 5.7. Representative Western blot images and densitometry analysis of lamin A protein 
expression in Per2::Luc primary myoblasts loaded for 24 hours on the Flexcell machine at 6.66% 
strain, demonstrates no change in LMNA. (A) Protein samples were ran on 10% acrylamide gels, 
transferred, and incubated with primary antibodies for anti-mouse Lmna (Sigma; 1:2000) and anti-
rabbit β-Actin (Sigma; 1:2000) followed by secondary antibodies for goat anti-rabbit 800CW and goat 
anti-mouse 680RD (Licor; 1:20000). (B) Densitometry values were calculated using the analysis 
software provided by Image Studio Lite Version 5.2. LMNA bands were normalised to β-ACTIN. Data 
were expressed as % change relative to static which was expressed as 1 and presented as means 
(unpaired t-test, ns= p>0.05, two independent experiments n=2). 
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5.4.1.4 In vitro strain decreases Cry1 mRNA expression in primary myoblasts 
To determine whether the circadian clock in primary Per2::Luc myoblasts was responsive to in vitro 
strain on the Flexcell machine, qRT-PCR was used to analyse circadian clock gene expression 
between static and strained primary myoblast samples. Results were normalised to β-Actin. The 
loaded samples had a decrease in Cry1 expression on comparison to the static samples (Figure 5.8; 
unpaired t-test, p≤0.01). An F-test of variance identified a significant change in the expression of 
Bmal and Rev-erbα (Figure 5.8; p≤0.05 and p≤0.01). There was no change in the expression of Per1, 
Per2, and Clock (Figure 5.8).  
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Figure 5.8. Circadian gene expression in primary myoblasts isolated from Per2::Luc mice and 
loaded for 24 hours on the Flexcell machine at 6.66% strain, demonstrate Cry1 repression. Primary 
Per2::Luc myoblasts were seeded onto laminin coated Bioflex plates, after 24 hours, they were 
loaded on the Flexcell machine for 24 hours before collection in Purezol. Circadian mRNA was 
analysed by qRT-PCR using the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 
2001). Data were expressed as fold change relative to static control which was expressed as 1 and 
presented as means (unpaired t-test, **p≤0.01, ns= p>0.05, three independent experiments n=3; 
Bmal1 and Rev-erbα  analysed by an F-test of variance, *p≤0.05, **p≤0.01). 
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5.4.1.5 Real-time Bioluminescent imaging confirms variable response of 
Bmal1 to 24-hour in vitro strain 
In order to dynamically visualise the effect of mechanical stimulation on the circadian clock in 
myoblasts, the next aim was to subject Bmal1::Luc C2C12 myoblasts to in vitro Flexcell strain and 
place them into the LumiCycle. The bioluminescence signal was read in real-time and allowed us to 
infer patterns of Bmal1 expression. In comparison to the static control samples, the loaded samples 
show a variable response in Bmal1 expression. The blue and purple loaded traces of Bmal1 
expression demonstrate dampened and increased amplitude oscillations, respectively (Figure 5.9). 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.9 Real-time bioluminescent imaging of Bmal1::Luc myoblasts loaded on the Flexcell for 24 
hours at 6.66% strain compared to the static control, demonstrate variable response to strain. 
Bmal1::Luc myoblasts were seeded into Bioflex plates coated with laminin, at 60% confluency they 
were subject to 6.66% strain for 24 hours on the Flexcell machine. The silicone membrane containing 
the Bmal1::Luc myoblasts was removed from the plate and placed into 35mm dishes suitable for the 
LumiCycle with LumiCycle media (Phenol red-free media supplemented with 5% FBS, 10 mM Hepes 
(Sigma), 1 mM Sodium Pyruvate (Sigma), 2nM L-Glu, 0.1mg/mL P/S, and 100nM Luciferin 
(Promega)). 
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5.4.2 Differentiated myotubes produce variable results when 
subject to in vitro strain  
5.4.2.1 Differentiated C2C12 myotubes have no change in Lmna expression 
after in vitro strain 
Next, it was investigated whether lamin A and the circadian clock in differentiated, synchronised 
C2C12 myotubes are responsive to mechanical strain. C2C12 myoblasts were seeded into Bioflex 
plates and at 50% confluency, were differentiated for 10 days through the addition of differentiation 
media. The myotubes were next synchronised by serum shock for 2 hours then subject to in vitro 
loading for 24 hours on the Flexcell machine (Figure 5.10). Myotubes were collected in Purezol 
immediately after the loading period and were analysed by qRT-PCR and western blotting, both 
normalised to β-actin. Gene expression and protein level analysis of lamin A demonstrated no 
change in lamin A expression or protein levels between static and loaded samples (Figure 5.11 and 
Figure 5.12). 
 
Figure 5.10. C2C12 myoblasts seeded onto Bioflex plates and differentiated into myotubes for 10 
days, myotubes are highlight with red arrows, demonstrate no change in myotube viability. A. 
Prior to loading B. Post 24-hour loading at 6.66% strain on the Flexcell machine.   
 
 
A. Pre-load                                   B. Post-load 
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Figure 5.11. Lamin A gene expression in differentiated C2C12 myotubes loaded for 24 hours at 
6.66% strain on the Flexcell machine demonstrate no change in Lmna expression. C2C12 myoblasts 
were seeded onto Bioflex plates consisting of silicone wells coated with laminin. They were 
differentiated into myotubes for 10 days in differentiation media, synchronised by serum shock for 2 
hours, and after 24 hours, they were loaded on the Flexcell machine for 24 hours before collection in 
Purezol. Lmna mRNA was analysed by qRT-PCR using the Pfaffl method and normalised to house-
keeping gene β-actin (Pfaffl, 2001). Data were expressed as fold change relative to static control 
which was expressed as 1 and presented as means (unpaired t-test, ns= p>0.05, three independent 
experiments n=3). 
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Figure 5.12. Representative Western blot images and densitometry analysis of lamin A protein 
expression in differentiated C2C12 myotubes loaded for 24 hours on the Flexcell machine, 
demonstrates no change in LMNA. (A) Protein samples were ran on 10% acrylamide gels, 
transferred, and incubated with primary antibodies for anti-mouse Lmna (Sigma; 1:2000) and anti-
rabbit β-Actin (Sigma; 1:2000) followed by secondary antibodies for goat anti-rabbit 800CW and goat 
anti-mouse 680RD (Licor; 1:20000). (B) Densitometry values were calculated using the analysis 
software provided by Image Studio Lite Version 5.2. LMNA bands were normalised to β-ACTIN. Data 
were expressed as % change relative to static which was expressed as 1 and presented as means 
(unpaired t-test, ns= p>0.05, two independent experiments n=2). 
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5.4.2.2 Differentiated C2C12 myotubes have an increase in Cry1 and Bmal1 
gene expression after in vitro strain  
To investigate whether there was a response to 24-hour in vitro Flexcell strain observed in circadian 
clock gene expression, qRT-PCR was used to analyse circadian clock gene expression between static 
and loaded C2C12 myotube samples. Results were normalised to β-Actin. There was an increase in 
Bmal1 and Cry1 expression in loaded samples compared to static samples (Figure 5.13; unpaired t-
test, p≤0.01). An F-test of variance identified a significant change in Per2 expression (Figure 5.13, 
*p≤0.05). There was no change in the expression of the remaining circadian genes (Figure 5.13).  
These results demonstrated Bmal1 and Cry1 gene expression was responsive to mechanical 
stimulation in C2C12 myotubes, through subjecting them to 24-hour in vitro Flexcell strain. 
Unfortunately, this result was accompanied by no change in lamin A expression. Accordingly, this 
supports the hypothesis that circadian gene expression is responsive to mechanical strain; however, 
there is high variability and no significant change in the response of Lmna expression to mechanical 
strain in myotubes compared to static control samples.  
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Figure 5.13. Circadian clock gene expression in C2C12 differentiated myotubes loaded at 6.66% 
strain on the Flexcell machine, demonstrates upregulation of Bmal1 and Cry1 expression. C2C12 
myoblasts were seeded onto Bioflex plates consisting of silicone wells coated with laminin. They 
were differentiated in myotubes for 10 days in differentiation media, synchronised by serum shock 
for 2 hours, and after 24 hours, they were loaded on the Flexcell machine for 24 hours before 
collection in Purezol. Circadian mRNA was analysed by qRT-PCR using the Pfaffl method and 
normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were expressed as fold change relative 
to static control which was expressed as 1 and presented as means (unpaired t-test, **p≤0.01, ns = 
P>0.05, three independent experiments n=3; Per1 analysed by an F-test of variance, *p≤0.05). 
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5.4.2.3 Primary differentiated myotubes subject to in vitro strain have no 
change in Lmna expression  
To investigate whether the circadian clock in differentiated primary muscle cells responded to 
mechanical stimulation, primary Per2::Luc myoblasts were seeded into Bioflex plates and at 50% 
confluency, were differentiated for 10 days through the addition of differentiation media. After 10 
days differentiation, the myotubes were synchronised by serum shock for 2 hours and loaded for 24 
hours on the Flexcell machine at 6.66% strain and at a frequency of 1Hz (Figure 5.14). Myotubes 
were collected straight after the loading period in Purezol, and analysed by qRT-PCR and western 
blotting. There was no change in the expression of Lmna in the primary myotubes (Figure 5.15). In 
contrast, there was an increase in the levels of lamin A protein (Figure 5.16; unpaired t-test, p≤0.01).  
 
Figure 5.14. Primary myoblasts seeded onto Bioflex plates and differentiated into myotubes for 10 
days, myotubes highlighted by red arrows and demonstrate no loss in viability. A. Prior to loading. 
B. Post 24-hour loading at 6.66% strain on the Flexcell machine.   
 
 
 
 
 
 A. Pre-load                                    B. Post-load 
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Figure 5.15. Lamin A gene expression in primary differentiated myotubes loaded for 24 hours on 
the Flexcell machine at 6.66% strain, demonstrate no change in Lmna expression. C2C12 myoblasts 
were seeded onto Bioflex plates consisting of silicone wells coated with laminin. They were 
differentiated in myotubes for 10 days in differentiation media, synchronised by serum shock for 2 
hours, and after 24 hours, they were loaded on the Flexcell machine for 24 hours before collection in 
Purezol. Lmna mRNA was analysed by qRT-PCR using the Pfaffl method and normalised to house-
keeping gene β-actin (Pfaffl, 2001). Data were expressed as fold change relative to static control 
which was expressed as 1 and presented as means (unpaired t-test, ns= p>0.05, three independent 
experiments n=3). 
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Figure 5.16. Representative Western blot images and densitometry analysis of lamin A protein 
expression in differentiated primary myotubes loaded for 24 hours on the Flexcell machine at 
6.66% strain, demonstrates LMNA increase. (A) Protein samples were ran on 10% acrylamide gels, 
transferred, and incubated with primary antibodies for anti-mouse Lmna (Sigma; 1:2000) and anti-
rabbit β-Actin (Sigma; 1:2000) followed by secondary antibodies for goat anti-rabbit 800CW and goat 
anti-mouse 680RD (Licor; 1:20000). (B) Densitometry values were calculated using the analysis 
software provided by Image Studio Lite Version 5.2. LMNA bands were normalised to β-ACTIN. Data 
were expressed as % change relative to static which was expressed as 1 and presented as means 
(unpaired t-test, **p≤0.01, two independent experiments n=2). 
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5.4.2.4 Primary differentiated myotubes have no alterations in circadian gene 
expression following in vitro strain 
Next, it was investigated whether in vitro loading resulted in any changes to circadian clock gene 
expression in myotube samples, by using qRT-PCR to analyse circadian gene expression. An F-test of 
variance identified that loading induced a significant change in the levels of the circadian clock genes 
examined: Per1, Per2, Bmal1, Cry1, Clock, and Rev-erbα (Figure 5.17; F-test of variance, p≤0.05, 
p≤0.01, p≤0.001).   
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Figure 5.17. Circadian gene expression in Per2::Luc differentiated myotubes loaded for 24 hours on 
the Flexcell machine at 6.66% strain, demonstrate no change in expression. Primary Per2::Luc 
differentiated myotubes were synchronised by serum shock for 2 hours, after 24 hours, they were 
loaded on the Flexcell machine for 24 hours before collection in Purezol. Circadian mRNA was 
analysed by qRT-PCR using the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 
2001). Data were expressed as fold change relative to static control which was expressed as 1 and 
presented as means (F-test of variance, *p≤0.05, **p≤0.01, ***p≤0.001, three independent 
experiments n=3). 
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5.4.4 Clock gene expression in C2C12 myoblasts with lamin A 
knockdown is not rescued by in vitro strain  
5.4.4.1 Lamin A siRNA knockdown in C2C12 myoblasts, compared to 
scrambled control, for static and in vitro loaded myoblasts  
To further the investigation into lamin A, the circadian clock, and mechanical strain, the next aim 
was to identify whether lamin A knockdown affects the mechanical response of circadian clock gene 
expression and observe whether strain rescues clock gene expression. C2C12 myoblasts seeded into 
laminin coated Bioflex plates, at 60% confluency, were transfected with 5 nmol validated lamin A 
siRNA or scrambled control. 24 hours after transfection, myoblasts were synchronised by 100 nM 
Dexamethasone, and after 24 hours, were subjected to 24 hours in vitro loaded on the Flexcell 
machine and collected immediately after loading. qRT-PCR and Western blotting was used to analyse 
Lmna expression and LMNA levels. The expression of lamin A was knocked-down in myoblasts 
treated with lamin A siRNA compared to scrambled control for both the static and the loaded 
samples (Figure 5.18; unpaired t-test, p≤0.05 and p≤0.01). A decrease in lamin A protein levels was 
also observed between static samples transfected with scrambled compared to samples transfected 
with lamin A siRNA (Figure 5.19; one-way ANOVA, p≤0.05). The protein levels for lamin A in the in 
vitro loaded samples remains low for both scrambled and lamin A siRNA transfected samples (Figure 
5.19). 
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Figure 5.18. Lamin A gene expression in C2C12 myoblasts transfected with lamin A siRNA or 
scrambled control, and loaded on the Flexcell machine for 24 hours or left static as a control, 
demonstrate Lmna expression is decreased with lamin A siRNA transfection in static and strained 
samples. C2C12 myoblasts were seeded into laminin coated Bioflex plates, at 60% confluency, were 
transfected with 5 nmol lamin A siRNA or scrambled control. 24 hours after transfection myoblasts 
were synchronised with 100 nM Dexamethasone, and after 24 hours, were loaded for 24 hours on 
the Flexcell machine or left as static control. Lmna mRNA was analysed by qRT-PCR using the Pfaffl 
method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were expressed as fold 
change relative to the static and scrambled control which was expressed as 1 and presented as 
means (one-way ANOVA, *p≤0.05, **p≤0.01, ***p≤0.001, three independent experiments n=3). 
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Figure 5.19. Representative Western blot images and densitometry analysis of lamin A protein 
expression in C2C12 myoblasts transfected with lamin A siRNA or scrambled control and either 
loaded on the Flexcell machine for 24 hours at 6.66% strain or left static as a control, LMNA 
protein decrease with lamin A siRNA transfection and strain. (A) Protein samples were ran on 10% 
acrylamide gels, transferred, and incubated with primary antibodies for anti-mouse Lmna (Sigma; 
1:2000) and anti-rabbit β-Actin (Sigma; 1:2000) followed by secondary antibodies for goat anti-rabbit 
800CW and goat anti-mouse 680RD (Licor; 1:20000). (B) Densitometry values were calculated using 
the analysis software provided by Image Studio Lite Version 5.2. LMNA bands were normalised to β-
ACTIN. Data were expressed as % change relative to static which was expressed as 1 and presented 
as means (one-way ANOVA, *p≤0.05, ns= p>0.05, two independent experiments n=2). 
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5.4.4.2 The expression of Per1 and Per2 are repressed in C2C12 myoblasts 
with lamin A knockdown under both static and loaded conditions 
The next aim was to determine whether there was an altered response to mechanical strain 
observed in circadian clock gene expression in C2C12 myoblasts transfected with validated lamin A 
siRNA, in comparison to static and scrambled control samples. qRT-PCR was used to examine the 
response of clock gene expression from the scrambled control or validated lamin A siRNA 
transfected samples. The expression of Per1, Per2, and Rev-erba was reduced in static samples with 
a knockdown of lamin A (Figure 5.20; one-way ANOVA, p≤0.05, p≤0.01). Per1 and Per2 expression 
was repressed in lamin A knockdown myoblasts subject to 24-hour strain on the Flexcell machine, 
compared to the scrambled control myoblast samples subject to Flexcell strain (Figure 5.20 one-way 
ANOVA, p≤0.05). This is consistent with previous data, in Chapter 4, observing the response in clock 
gene expression in C2C12 myoblasts to lamin A knockdown; the expression of Per1, Per2, and Rev-
erba follows the expression pattern of Lmna (Figure 4.3). 
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Figure 5.20. Circadian clock gene expression in C2C12 myoblasts transfected with lamin A siRNA or 
scrambled control and loaded for 24 hours on the Flexcell compared to static control. C2C12 
myoblasts, at 60% confluency, were transfected with lamin A siRNA or scrambled control. 24 hours 
after transfection myoblasts were synchronised with 100 nM Dexamethasone, and after 24 hours, 
were loaded for 24 hours on the Flexcell machine or left as static control. Circadian mRNA was 
analysed by qRT-PCR using the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 
2001). Data were expressed as fold change relative to static, scrambled control which was expressed 
as 1 and presented as means (one-way ANOVA, *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001, 
three independent experiments n=3). 
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5.4.5 Acute in vivo loading in murine Gastrocnemius muscle 
upregulates clock expression 
5.4.5.1 Acute Quadricep loading, no change in Lmna 
In vitro Flexcell strain in primary and cell-line myoblasts demonstrated interesting results in the 
response of circadian clock gene expression. Accordingly, the next aim was to investigate these 
circadian gene responses to strain further and make use of the opportunity to collect samples from a 
study subjecting mice to an in vivo loading model to investigate OA in the knee. Wild-type mice 
undertook a loading regime performed on their right hind leg, and their left hind leg remained 
unloaded.  To determine whether the expression of lamin A and circadian clock genes were 
responsive to an acute loading regime, muscle samples were collected from WT male mice 4 hours 
after one loading regime: 9N for 0.5 seconds with a 9.9 second break, repeated 40 times. Quadricep 
(Quad) and Gastrocnemius (Gas) muscle were collected, homogenised in Purezol, RNA extracted, 
and qRT-PCR analysis completed, data were normalised to β-Actin. It was predicted that during the 
loading of the right leg, the Quad muscle would be subject to strain. In Quad muscle, there was no 
change in lamin A expression between the loaded and unloaded leg (Figure 5.21).  
 
 
 
 
Figure 5.21. Lamin A gene expression in Quadricep samples from WT male mice subject to acute in 
vivo loading, no change in Lmna expression. Lmna mRNA was analysed by qRT-PCR using the Pfaffl 
method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were expressed as fold 
change relative to unloaded leg which was expressed as 1 and presented as means (unpaired t-test, 
ns= p>0.05, n=4). 
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5.4.5.2 Acute Quadricep loading, no change in circadian gene expression 
The next aim was to determine whether the circadian clock genes in Quad muscle are responsive to 
acute loading in wild-type mice.  qRT-PCR analysis was used to compare circadian gene expression 
between the unloaded left leg and the loaded right leg, there was no change in the circadian genes 
examined (Figure 5.22). This is consistent with Lmna qRT-PCR data (Figure 5.21). 
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Figure 5.22. Circadian clock gene expression in Quadricep samples from WT male mice subject to 
acute in vivo loading, no change in expression. Circadian mRNA was analysed by qRT-PCR using the 
Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were expressed as 
fold change relative to unloaded leg which was expressed as 1 and presented as means (unpaired t-
test, ns= p>0.05, n=4). 
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5.4.5.3 Acute Gastrocnemius loading, no change in Lmna 
Next, focus was turned to samples of Gas muscle. Gas muscle is located at the distal part on the 
plantar aspect of the hind leg and it was therefore predicted that on loading of the leg this muscle 
will be compressed. Gas was collected 4 hours after one acute loading regime. The muscle was 
homogenised in Purezol and qRT-PCR analysis completed to measure Lmna expression and compare 
muscle from the loaded, right leg with the unloaded, left leg. qRT-PCR analysis identified no change 
in Lmna expression between loaded and unloaded muscle (Figure 5.23).  
 
 
 
 
 
 
 
 
 
Figure 5.23. Lamin A gene expression in Gastrocnemius from WT male mice subject to acute in vivo 
loading, no change in Lmna expression. Lmna mRNA was analysed by qRT-PCR using the Pfaffl 
method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were expressed as fold 
change relative to unloaded leg which was expressed as 1 and presented as means (unpaired t-test, 
ns= p>0.05, n=4). 
5.4.5.4 Acute Gastrocnemius loading, clock upregulation 
The next aim was to determine whether acute loading of Gas muscle elicited a response in circadian 
gene expression. qRT-PCR analysis identified significant increase in Clock expression in the loaded 
Gas compared to the unloaded Gas, and no change in the expression of the remaining circadian 
genes (Figure 5.24; unpaired t-test, p≤0.05).  
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Figure 5.24. Circadian clock gene expression in Gastrocnemius samples from WT male mice subject 
to acute in vivo loading, demonstrate Clock gene upregulation. Circadian mRNA was analysed by 
qRT-PCR using the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data 
were expressed as fold change relative to unloaded leg which was expressed as 1 and presented as 
means (unpaired t-test, *p≤0.05, ns= p>0.05, n=4). 
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5.4.6 Male murine Quadricep subject to in vivo chronic loading 
increases clock expression 
To further investigate the circadian clock in response to mechanical strain, the next aim was to 
utilise studies following a chronic loading protocol. This protocol subjected mice to loading three 
times a week for two weeks, and tissue is collected two days after the last loading regime. Data from 
the acute study demonstrated an increase in Clock expression in Gas muscle tissue (Figure 5.25); the 
next aim was to investigate whether muscle subject to repeated loading regimes had a more 
consistent or heightened response in the expression of circadian genes and Lmna. In addition, tissue 
was collected from WT male and female mice involved in the chronic loading study, serving as a 
further comparison. Systemic signals across the body are different between male and females, and 
these signals, such as hormones, are important in clock regulation (Melancon, Lorrain, and Dionne, 
2014; Santhi, et al., 2016). Hence, separating male and female groups allowed for these differences 
to be accounted for and enabled the investigation of whether the expression of circadian genes and 
Lmna in response to loading between male and female mice is altered.  
Consistent with the acute protocol study, Quad and Gas muscle were collected from these mice. 
Muscle was homogenised in Purezol and qRT-PCR was used to analyse gene expression, normalised 
to β-Actin.  
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5.4.6.1 Male Quadricep chronic loading, no change in Lmna 
To investigate the response of Lmna expression in male Quad muscle to loading regimes that follow 
the chronic loading protocol, qRT-PCR was used. Gene expression analysis identified no change in 
Lmna expression between loaded and unloaded muscle, normalised to β-Actin (Figure 5.25).  
 
 
 
 
 
 
 
 
Figure 5.25. Lamin A gene expression in Quadricep from male WT mice subject to chronic in vivo 
loading protocol, no change in Lmna expression. Lmna mRNA was analysed by qRT-PCR using the 
Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were expressed as 
fold change relative to unloaded leg which was expressed as 1 and presented as means (unpaired t-
test, ns= p>0.05, n=5). 
 
5.4.6.2 Male Quadricep chronic loading, Clock upregulation 
Next, the response in circadian gene expression to loading following the chronic protocol in male 
Quad muscle was observed. qRT-PCR analysis identified a significant increase in Clock expression in 
the loaded leg compared to the unloaded leg (Figure 5.26; unpaired t-test, p≤0.05). There was no 
change in the expression of the remaining circadian genes.  
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Figure 5.26. Circadian clock gene expression in Quadricep samples from male WT mice subject to 
chronic in vivo loading protocol, demonstrate Clock upregulation. Circadian mRNA was analysed by 
qRT-PCR using the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data 
were expressed as fold change relative to unloaded leg which was expressed as 1 and presented as 
means (unpaired t-test, *p≤0.05, ns= p>0.05, n=5). 
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5.4.6.3 Chronic loading of male Gastrocnemius, no change in lamin A 
To measure Lmna expression and compare male Gas samples from the chronic loaded right leg with 
the unloaded left leg, qRT-PCR analysis was used. No change was demonstrated in                                                                                                              
Lmna expression between loaded and unloaded Gas, normalised to β-Actin (Figure 5.27).  
 
 
 
 
 
 
 
 
Figure 5.27. Lamin A gene expression in Gastrocnemius from male WT mice subject to chronic in 
vivo loading protocol, no change in Lmna expression. Lmna mRNA was analysed by qRT-PCR using 
the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were expressed 
as fold change relative to unloaded leg which was expressed as 1 and presented as means (unpaired 
t-test, ns= p>0.05, n=5). 
 
5.4.6.4 Chronic loading of male Gastrocnemius, no change in circadian gene 
expression 
Next, the circadian clock gene response in chronic loaded male Gas muscle was investigated.  qRT-
PCR analysis was used to compare circadian gene expression between the unloaded left leg and the 
loaded right leg, and demonstrated no change in the circadian genes tested (Figure 5.28). This is 
consistent with Lmna qRT-PCR expression for chronic loading of male Gas (Figure 5.27). 
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Figure 5.28. Circadian clock gene expression in Gastrocnemius samples from male WT mice subject 
to chronic in vivo loading protocol, no change in expression. Circadian mRNA was analysed by qRT-
PCR using the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were 
expressed as fold change relative to unloaded leg which was expressed as 1 and presented as means 
(unpaired t-test, ns= p>0.05, n=5).  
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5.4.7 Female Quadricep subject to in vivo chronic loading reveals no 
change in circadian or Lmna gene expression 
5.4.7.1 Chronic loading of female Quadricep, no change in Lmna 
The next aim was to investigate whether the response of circadian clock genes and Lmna expression 
in Quad and Gas is less variable or heightened in female mice. Consistent with the acute protocol 
study and chronic loading protocol in male mice, Quad and Gas muscle samples were collected for 
analysis. The muscle was homogenised in Purezol and qRT-PCR analysis completed to measure gene 
expression changes between muscles of the loaded, right leg with the unloaded, left leg. qRT-PCR 
analysis identified no change in Lmna expression between loaded and unloaded Quad (Figure 5.30).  
 
 
 
 
 
 
  
 
Figure 5.29. Lamin A gene expression in Quadricep from female WT mice subject to chronic in vivo 
loading protocol, no change in Lmna expression. Lmna mRNA was analysed by qRT-PCR using the 
Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were expressed as 
fold change relative to unloaded leg which was expressed as 1 and presented as means (unpaired t-
test, ns= p>0.05, n=5). 
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5.4.7.2 Chronic loading of female Quadricep, no change in circadian gene 
expression 
 
To determine whether circadian clock genes in Quad muscle are responsive to the chronic loading in 
female mice, qRT-PCR was utilised to analyse changes in gene expression. qRT-PCR analysis of 
circadian clock genes identified no change in expression between loaded Quad muscle from the right 
leg and unloaded control Quad muscle form the left leg, normalised to β-Actin (Figure 5.30).  
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Figure 5.30. Circadian clock gene expression in Quadricep samples from female WT mice subject to 
chronic in vivo loading protocol, no change in expression. Circadian mRNA was analysed by qRT-
PCR using the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were 
expressed as fold change relative to unloaded leg which was expressed as 1 and presented as means 
(unpaired t-test, ns= p>0.05, n=5). 
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5.4.7.3 Chronic loading of female Gastrocnemius, no change in Lmna gene 
expression 
Next, Gas tissue from female mice subject to in vivo loading following the chronic protocol was 
investigated to determine whether there was a response observed in Lmna gene expression. qRT-
PCR analysis of Lmna identified no change in expression between loaded Gas muscle on the right leg 
and unloaded Gas on the left leg (Figure 5.31).  
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Figure 5.31. Lamin A gene expression in Gastrocnemius from female WT mice subject to chronic in 
vivo loading protocol, no change in Lmna expression.  Lmna mRNA was analysed by qRT-PCR using 
the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 2001). Data were expressed 
as fold change relative to unloaded leg which was expressed as 1 and presented as means (unpaired 
t-test, ns= p>0.05, n=5). 
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5.4.7.4 Chronic loading of female Gastrocnemius, no change in circadian gene 
expression 
To investigate whether circadian clock genes in Gas muscle from female mice are responsive to a 
loading regime following the chronic protocol, qRT-PCR was used to analyse circadian gene 
expression. There was no change in the expression of circadian clock genes between the loaded right 
leg and the unloaded left leg (Figure 5.32). 
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Figure 5.32. Circadian clock gene expression in Gastrocnemius samples from female WT mice 
subject to chronic in vivo loading protocol, no change in expression. Circadian mRNA was analysed 
by qRT-PCR using the Pfaffl method and normalised to house-keeping gene β-actin (Pfaffl, 2001). 
Data were expressed as fold change relative to unloaded leg which was expressed as 1 and 
presented as means (unpaired t-test, ns= p>0.05, n=5). 
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5.5 Discussion 
Exercise is capable of synchronising the molecular clock within the SCN and peripheral tissues, 
independently from the hierarchical synchronisation signals released from the master regulator in 
the SCN (Wolff and Esser, 2012; Schroeder, et al., 2012; Sasaki, et al., 2016). Human re-entrainment 
to a phase advanced sleep-wake cycle was accelerated by timed physical exercise (Yamanaka, et al., 
2010). Moreover, physical exercise in the evening phase-delayed nocturnal rise in melatonin levels 
and suppressed the decline of rectal body temperature during sleep (Yamanaka, et al., 2015). The 
timing of exercise regimes are important; mis-timed wheel running activity in mice prevented the 
entrainment of peripheral clocks in muscle and lung tissue (Yamanaka, et al., 2016). Thus, exercise is 
an entrainment cue for circadian rhythms, and exercise regimes can be used to entrain the master 
and peripheral clocks. Recently, exciting avenues have been discussed for the use of exercise to shift 
or regulate the circadian clock involvement in risk markers for cardiovascular disease, hormone 
regulation, blood pressure, and disorders such as delayed sleep-wake phase disorder and Amnestic 
Mild Cognitive Impairment (Scheer, et al., 2010; Hackney, Davis, and Lane, 2015; Leonardo-
Mendonça, et al., 2015; de Brito, et al., 2015; Tortosa-Martínez, et al., 2015; Richardson, et al., 2017).  
The mechanism of exercise induced entrainment and phase-shifting of the circadian clock has yet to 
be identified; however, studies have suggested that peripheral clock re-synchronisation in response 
to exercise is due to changes in hormones, the timing of food consumption or stress (Terzibasi-
Tozzini, et al., 2017). Exercise increases the release of hormones including prolactin, cortisol, 
melatonin, and corticosterone (Heaney, Carroll, and Phillips, 2014; Hackney, Davis, and Lane, 2015; 
Leonardo-Mendonça, et al., 2015; Sasaki, et al., 2016). One study identified that hormone regulation 
in response to exercise is sufficient to synchronise the circadian clock, lower blood pressure, lower 
heart rate, and improve sleep (Melancon, Lorrain, and Dionne, 2014). Additionally, scheduling the 
timing of food-intake regulated and synchronised the circadian clock in peripheral tissues through 
insulin-dependent regulation of Bmal1 (Dang, et al., 2016). Skeletal muscle in fasting mice lost the 
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circadian expression of Myod1 and Atrogin1; supporting food-intake as a synchronisation method 
for the peripheral clocks in skeletal muscle in response to exercise (Shavlakadze, et al., 2013). In 
contrast, circadian gene expression in mice with time-scheduled restricted access to food and 
unlimited access to a running wheel did not synchronise to their feeding schedule in the peripheral 
clocks of skeletal muscle, unlike other peripheral clocks (Yasumoto, et al., 2016). Exercise regimes 
elicit a stress response through the release of reactive oxygen species (ROS) (He, et al., 2016). 
Circadian rhythms are responsible for orchestrating protective responses to oxidative stress. The 
antioxidant peroxiredoxin oscillates with a circadian rhythm and is involved in peripheral clock 
synchronisation (Kil, et al., 2012; Rhee, 2016). Additionally, the accumulation of ROS feedback to 
resets the circadian clock (Tamaru, et al., 2013; Schippers, et al., 2013). Interestingly, lamin A is also 
correlated with the suppression of oxidative stress and ROS. Patients suffering with laminopathies 
such as Emery-Dreifuss muscular dystrophy and progeria, have elevated levels of ROS and an 
increased sensitivity to oxidative stress (Richards, et al., 2011; Sieprath, et al., 2015; Niebroj-Dobosz, 
et al., 2017). In this regard, hormones, the timing of food consumption, and stress are potential 
modifiers for communicating mechanical signals to the circadian clock; nevertheless, it was 
predicted that lamin A is a vital regulator in this pathway.  
Knowledge of how this entrainment signal is communicated to the clock may facilitate the 
manipulation of this pathway to reset desynchronised clocks. Future research can optimise 
pharmaceutical intervention to stimulate these pathways, eliminating the need for individuals to 
undergo daily exercise regimes. Individuals who experience jet-lag or shift-work have their SCN and 
peripheral clocks desynchronised from the external environment. Accordingly, this affects many 
tissue-specific processes and is linked to sleep, metabolic and psychological disorders, and cancer 
(Khan, et al., 2018). Thus, in these individuals, relevant time-of-day administration of a 
pharmaceutical intervention to activate these unknown synchronisation pathways has the potential 
to rapidly synchronise dysfunctional peripheral clocks. Identifying the mechanism and optimising a 
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method of pharmaceutical activation to quickly reset peripheral clocks will therefore be extremely 
useful and may alleviate these disorders linked to clock de-synchronisation.  
The research in this thesis predicted that the circadian clock is dysfunctional in the peripheral tissues 
of laminopathy patients due to a lack of feedback regulation by lamin A. Within these tissues, the 
clock may therefore become arrhythmic. Circadian rhythms are vital in the physiology and 
maintenance of many tissues such as fat, skeletal muscle, and cardiac tissue (Jung and Feldman, 
2018; Crnko, et al., 2018). These are tissues that are commonly affected in the pathology of various 
laminopathy diseases (Kang, Yoon, and Park, 2018). Consequently, this research warrants further 
study into deciphering whether circadian rhythms are dysfunctional in the peripheral tissues of 
patients suffering with laminopathies. In addition, further research should be targeted to investigate 
whether the synchronisation and re-entrainment of the circadian clock will improve tissue-specific 
pathologies observed in these patients.  
To further investigate a relationship between the circadian clock and exercise, research focused on 
studying the mechanical stimulation of myoblasts, myotubes, and muscle. The investigation began 
by utilising the Flexcell instrument, an in vitro cell culture loading machine (Banes, et al., 1985). The 
Flexcell machine applies biaxial strain to cells seeded onto a flexible silicone membrane; the 
membrane is stretched across a loading post through vacuum pressure applied via a baseplate.  
Previous studies have utilised the Flexcell for studying the response of musculoskeletal cells, 
including C2C12 myoblasts, to mechanical stimulation. Through experiments utilising the Flexcell 
system, Shradhanjali et al. investigated the role of strain in the development of pluripotent murine 
embryonic (P19) stem cells into cardiomyocytes (Shradhanjali, et al., 2017). Yao et al. investigated 
the involvement of mechanosensitive long noncoding RNAs in hypertension induced vascular 
remodelling through subjecting vascular smooth muscle cells to cyclical strain (Yao, et al., 2017). In 
addition, Wang et al. investigated the effect of heat shock protein 27 on cytoskeletal dynamics and 
contractile function in human bladder muscle smooth cells (Wang, et al., 2015). Finally, Fu et al. used 
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the Flexcell machine to investigate strain induced C2C12 myoblast proliferation and uncovered 
regulation by IGF-1 through changes in PI3K/Akt and MAPK activation (Fu, et al., 2018).  
Despite a large body of research utilising the Flexcell machine for mechanobiology research, one 
drawback of the loading machine is non-uniform strain across the membrane as it is pulled concave 
by the vacuum either side of the loading post (Delaine-Smith, et al., 2015). This results in 
heterogeneous strain across the membrane. The cells seeded on membrane that remains on the 
loading post during loading experience different radial and biaxial strain fields compared to those 
seeded onto the areas of the membrane that are located off the loading post (Vande Geest, et al., 
2004).  This research loaded primary myoblasts on the Flexcell machine, for 24 hours at 6.66% strain 
and at a frequency of 1Hz, and identified an increase in Lmna* and a decrease in Cry1** expression 
(Figure 5.7 and Figure 5.9; unpaired t-test, *p≤0.05, **p≤0.01). In response to overexpression of 
lamin A in C2C12 myoblasts, through transfection with lamin A plasmid, there was a significant 
decrease in Cry1 expression (Figure 4.11; unpaired t-test, P≤0.01). Hence, primary Per2::Luc Flexcell 
data are consistent with previous results, as lamin A up-regulation reduces the expression of the 
core clock gene Cry1.  Although there was no significant change in the expression of the remaining 
clock genes, between static and loaded samples, they showed a tendency to increase and may be 
significant with an increase in n numbers (Figure 5.9). The remaining Flexcell work remains variable, 
non-significant, and inconsistent. This may be due to cells receiving different percentages of strain, 
based on the varying locations on the silicone membrane. Other research has identified similar, 
variable results when using the Flexcell system to subject cells to strain in culture (Bader and 
Wagoner, 2010).  
To further examine the role of lamin A in the circadian clock response to mechanical stimulation, the 
next aim was to knockdown lamin A in myoblasts and observe the response to in vitro Flexcell strain. 
The response of Per1 and Per2 expression followed Lmna expression in response to the different 
experimental conditions; lamin A was knocked-down through transfection with validated lamin A 
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siRNA and Per1 and Per2 also demonstrated down regulation in both static and loaded myoblasts 
(Figure 5.21). Moreover, the expression of Rev-erba was downregulated in static samples with lamin 
A knockdown, but was decreased in both scrambled and lamin A knockdown myoblasts in response 
to mechanical loading (Figure 5.21).    
Table 5.1 Flexcell loading Experimental Data Summary. Table summarising significant gene changes 
in cell culture Flexcell loading at 6.66% strain, *p≤0.05, **p≤0.01. 
 Lamin A Circadian Clock 
C2C12 myoblasts ns ns 
Per2::Luc myoblasts Increase in Lmna* Decrease in Cry1** 
C2C12 myotubes ns  Increase in Cry1** and 
Bma1l** 
Per2::Luc myotubes Increase in lamin A** ns 
lamin A siRNA Decrease with siRNA*,** Per1*, Per2*,** and Rev-
erbα* follow lamin A 
knockdown 
 
This research had the opportunity to collect samples of muscle from mice in an in vivo loading study 
to mechanically inducing OA through two different loading regimes. This research incorporated 
these muscle samples and through qRT-PCR analysis, determined whether lamin A and the circadian 
clock genes are responsive to acute and chronic mechanical strain. By incorporating acute and 
chronic loading regimes, it was determined whether increased strain applied to muscles of interest 
elicits a different response in circadian gene expression. Moreover, this is an interesting model to 
study as there is a proposed link between muscle mass function and OA progression (Roos, et al., 
2011). Furthermore, the circadian clock has previously been linked to the progression of OA in 
cartilage. This model enables us to observe whether a similar disease process may be occurring in 
muscle, and uncover a potential circadian element.  
The circadian clock is linked to cartilage tissue homeostasis, and dysregulated clocks have been 
identified in the pathogenesis of OA in cartilage (Gosson, et al., 2013; Dudek and Meng, 2014). 
During the destabilisation of the medial meniscus (DMM) model of OA, a lesion is created in the 
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medial meniscotibial ligament to generate destabilisation, and post-surgery this progresses to mild-
to-moderate OA by 4 weeks and moderate-to-severe OA by 8 weeks (Glasson, Blanchet, and Morris, 
2007). Mice induced to develop OA through the DMM model study have disrupted clock genes in 
cartilage during the early stages of development, with the expression of Bmal1 being significantly 
increased at 1, 2, and 6-weeks post-DMM (Gosson, et al., 2013). This study predicted that clock 
disruption has a role in the development of OA and the highest increase in Bmal1 overexpression 
was at the 2-week time-point (Gosson, et al., 2013). In rats, low-intensity pulsed ultrasound 
treatment of temporomandibular joint osteoarthritis upregulated the expression of Per2 and Dbp, 
and downregulated the expression of Bmal1 and Npas2 (He, et al., 2018). Human studies have also 
reinforced this murine research. Cartilage samples from OA sufferers have decreased levels of Bmal1 
and manipulation of the circadian clock effects cartilage homeostasis through Sirt1 (Yang, et al., 
2016). In addition, a study investigating OA cartilage samples identified circadian rhythms as one of 
fifteen significantly perturbed pathways, and one of five pathways most significantly dysregulated 
(Fisch, et al., 2018). Furthermore, two studies identified dysregulation of circadian clock genes and 
TGFβ in cartilage samples from patients suffering with OA (Akagi, et al., 2017; Soul, et al., 2018). 
Interestingly, TGFβ is regulated by both the circadian clock and by lamin A (Kon, et al., 2008).  
Therefore, this investigation is an exploratory application. The current hypothesis is that in vivo 
mechanical loading, which results in the progression of OA in mice, will also result in clock gene 
dysregulation in muscle. In muscle, transcription factors involved in mechanotransduction pathways, 
such as MAPK, NF-κB, and TGF-β, are both regulated by lamin A and the circadian clock (Obrietan, 
Impey, and Storm, 1998; Spengler, et al., 2012; Kon, et al., 2008; Lammerding, et al., 2004; Ho, et al., 
2013; Van Berlo, et al., 2005). It was predicted that muscle mechanical strain, activating 
mechanotransduction pathways, will also provide feedback regulation to the circadian clock via a 
lamin A-regulated pathway. Currently, the in vivo loading model used in this research is used to 
study articular structures of the knee joint, and the role of muscles in this process in not fully 
understood. This study collected Gas and Quad muscle, these were chosen as they include one 
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muscle from each side of the knee and one muscle from the front and the back of the leg; it was 
predicted that they will be strained and compressed, respectively.  These results identified highly 
variable, non-significant mRNA changes in Lmna and circadian clock genes on comparison of loaded 
muscle with static control. Male Gas samples subject to acute loading, and male Quad samples 
subject to chronic loading had significant upregulation in Clock* expression (Figure 5.25 and Figure 
5.27, *p≤0.05). These results are consistent with previous research as the expression of Clock is 
mechanosensitive (Kanbe, et al., 2006).  
Table 5.2 In vivo loading model Experimental Data Summary. Table summarising significant gene 
changes from Quadricep and Gastrocnemius muscle collected from an in vivo loading model study 
following two protocols ad completed on wild-type mice, *p≤0.05. 
 Lamin A Circadian Clock 
Male Acute Quad ns ns 
Male Acute Gas ns increase Clock* 
Male Chronic Quad ns increase Clock* 
Male Chronic Gas ns ns 
Female Chronic Quad ns ns 
Female Chronic Gas ns ns 
 
Therefore, these results highlight the potential for further research to uncover a novel pathway of 
feedback regulation to the circadian clock in response to mechanical stimulation in muscle.  
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5.6 Conclusion 
To conclude, this chapter demonstrates data to support the existence of a mechanosensitive 
circadian clock in myoblasts and muscle. Primary myoblasts isolated from Per2::Luc mice, male 
Gastrocnemius muscle, and male Quadricep muscle responded to mechanical strain in the 
expression of circadian clock genes (Figure 5.9, Figure 5.25, and Figure 5.27). Moreover, myoblasts 
transfected with lamin A siRNA and subject to in vitro loading exhibit a dampening of Per1 and Per2 
expression despite being subject to strain (Figure 5.21). This is an exciting and exploratory area of 
research that warrants further study to determine the pathway of circadian clock mechanical 
feedback regulation and the potential involvement of lamin A. 
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6 Mathematical Modelling of lamin A 
Regulation of the Circadian Clock 
 
6.1 Mathematical Models 
6.1.1 Why use Models? 
Mathematical models are used to produce simulations and predict biological outcomes to accelerate 
investigations and discovery within biomedical research. Experimental data are used to inform 
computational models to accurately simulate complex biological processes. Models focus on the 
relationship of how genes, and their respective proteins, are connected, as these proteins do not 
work in isolation of one another. For example, the development of a complex disease is not likely to 
be the cause of a single gene and protein, although a particular gene may be necessary for the 
disease development. Thus, to understand the development of the disease, an understanding of 
many interactions of genes and proteins is required- relating to numerous variables. Together, these 
interactions and variables are known as a system. In addition, there are other difficulties involved in 
studying complex systems such as cell structure, compartmentalisation, stochastic effects or 
nonlinear reaction kinetics (Fischer, 2008). Mathematical modelling accounts for these problems and 
can be implemented to study complex systems and how they respond to distinctive conditions.  
 
In order to model a system a general design process is followed and may be repeated numerous 
times until a suitable and trusted model can be obtained, this includes: formulation, calibration, 
analysis, and evaluation. Formulation involves accumulating current data and knowledge of the 
system, identifying objectives for the model to achieve, designing a suitable model to describe the 
relationships within a system, and developing a hypothesis for the model.  
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Figure 6.1 Schematic diagram demonstrating the process of model formation using experimental 
data in order to validate and improve conceptual models, taken from (Motta and Pappalardo, 
2013). 
 
Calibration involves choosing suitable parameters and species for implementing the model and can 
then be used to predict the behaviour of the system under a certain condition. Finally, analysis and 
evaluation involve utilising experimental data to evaluate whether the prediction from the model 
was correct. If the model prediction was incorrect the process can be repeated with the objective of 
adapting the model to fit the results achieved under the condition and data set. If the model was 
correct and the prediction under the condition was supported by the experimental data, this 
indicates that the model is robust. In order to test the model further, the process can be repeated 
with the objective of testing the model under a new condition- to further validate the model. This 
process is represented as a flow diagram in Figure 6.1.  
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6.1.2 Mathematical Modelling of Circadian Rhythms  
The circadian molecular clockwork consists of numerous gene and protein biochemical reactions; 
naturally, this makes it a complex system and a mathematical model will assist investigations and 
analysis. Circadian models were initially implemented in studies aiming to understand how clock 
proteins synchronise and oscillate with 24-hour cycles (Winfree, 1967). Robust models of the 
circadian molecular clock are valuable in circadian research as they allow: the identification of 
important interactions and components within the system, the exploration of clock-controlled 
regulation in various conditions, and the exploration of conditions which shift oscillatory patterns- 
such as, period, phase, and amplitude (Podkolodnaya, Tverdokhleb, and Podkolodnyy, 2017).  
The generation of experimental molecular data on the clock proteins facilitated the formulation of 
mathematical models representing the interactions of the clock proteins. Hypothesis-driven 
adjustments to these models can validate or invalidate working hypotheses and explore potential 
mechanistic relationships between the clock proteins and downstream genes and proteins. 
6.1.3 Circadian Models 
Circadian molecular clock models were first constructed for Drosophila and Neurospora; these 
models began theoretically exploring the interactions of the core clock proteins and the potential 
relationships between them. Hence, the Drosophila clock model was used with the aim of 
understanding the mechanism of how Per, Tim, PER, TIM, and their phosphorylated proteins can 
oscillate (Goldbeter, 1995; Leloup, Gonze, and Goldbeter, 1999; Smolen, Baxter, and Byrne, 2001). 
To evaluate models of circadian oscillation, sensitivity analysis can be carried out, this includes: state 
perturbation – add in extra clock protein, parameter change – a knockout model, or temporary 
parameter perturbation – light pulse to photosensitive cells (Podkolodnaya, Tverdokhleb, and 
Podkolodnyy, 2017). A deterministic model by Leloup and Goldbeter was designed to model the 
gene expression and protein of the mammalian core clock genes and proteins: Bmal, Per, Cry, and 
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Clock (Leloup and Goldbeter, 2003). The model incorporated phosphorylation and light induced 
post-translational regulation of this feedback loop, shown in Figure 6.2.  
 
Figure 6.2. Schematic diagram of the interactions modelled in the Leloup and Goldbeter 
mathematical model, taken from (Leloup and Goldbeter, 2003). 
6.2 Objectives  
6.2.1 Model Objectives 
The aim was to produce a model of the circadian molecular clock and to add in a further component 
into the system – lamin A. This extra component will allow us to explore potential mechanisms by 
which lamin A may regulate the circadian clock. Models focused on incorporating four methods of 
potential regulation by lamin A protein: gene up- and down-regulation, transcription factor 
sequestering, and nucleo-cytoplasmic shuttling of transcription factors. The mechanisms by which 
lamin A may undergo gene regulation and particularly, how laminopathies can result in severe tissue 
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specific effects have been discussed and these four gene-regulation mechanisms are favoured 
(Camozzi, et al., 2014; Maggi, et al., 2016). This research predicts that when lamin A is mutated, an 
aspect of circadian regulation is lost, facilitating the loss of tissue-specific maintenance observed. As 
with lamin A regulation, it is well known that the circadian clock is responsible for tissue-specific 
gene expression, important in the development and maintenance of tissues – such as muscle 
(Markiewicz, Ledran, and Hutchison, 2005). Therefore, these models will facilitate the studies of 
potential mechanistic methods by which lamin A may be interacting with the circadian clock. Once 
these models are generated, specific conditions of lamin A will be modelled and the response 
observed in the expression of clock genes and proteins can be predicted. As outlined above, 
experimental studies can then determine if these models correctly predicted the response and 
whether the mechanism modelled may be correct. The objective of these models was to guide the 
design of future experiments that investigate potential mechanisms and computationally visualise 
how they may interact. The aim was to utilise model simulations to highlight relevant mechanisms of 
regulation, which may be acting on the complex system of the circadian clockwork. 
6.2.2 Hypothesis  
These models will predict the response of clock genes and proteins to lamin A genetic modification 
within different mechanisms of feedback regulation exerted by lamin A onto the circadian molecular 
core clock. It was hypothesised that models incorporating lamin A feedback regulation onto the 
circadian clock can be produced, and that core clock mRNA and proteins and lamin A mRNA and 
protein can be simulated to produce oscillating traces. It was predicted that the manipulation of 
lamin A within these models will alter circadian gene expression and protein levels; any changes to 
amplitude, phase, and periodicity within these models with lamin A manipulation will be 
investigated.  
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6.3 Model Formulation 
6.3.1 CellDesigner 
CellDesigner is a diagram editing software used to draw gene-regulatory and biochemical networks, 
using graphical notations (Funahashi, et al., 2003). Through visualisation of complex multi-gene and 
protein interactions it enables mathematical modellers to begin piecing together the complex 
system and breaking it down into the various reactions required to build the entire system. 
CellDesigner was used to build the network structure for models that were then simulated using the 
COPASI software. 
6.3.2 COPASI 
Simulations to determine mRNA and protein levels for Per, Cry, Bmal, Rev-erba, and Lmna over 72 
hours were ran on COPASI (Hoops, et al., 2006). COPASI is a powerful biochemical network 
simulation software tool which is widely used in systems biology research. The models developed 
were all extensions of the Leloup and Goldbeter mathematical model (Leloup and Goldbeter, 2003). 
Parameters for the original model were retained but those defined in the extensions for lamin A 
were fitted using COPASI. Suitable parameter values were inputted to produce oscillatory expression 
for lamin A in each of the four models before manipulation of lamin A. In this regard, on 
manipulation of lamin A, the robustness of each model was also investigated by adapting the 
overexpression or knockdown to 50%. 
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6.4 Results 
6.4.1 Model Design 
6.4.1.1 Model 1: Bidirectional regulation of lamin A and Per 
In the first model, lamin A expression is upregulated by the BMAL:CLOCK heterodimer and in 
accordance, is subject to clock control. Lamin A mRNA and protein is upregulated together with Per, 
Cry, and Rev-erbα (there is only one Per and one Cry gene in each model). For lamin A to exert 
feedback regulation onto the core molecular clock, the first model incorporates repression of Per 
expression by the lamin A dimer. Hence, when Lmna is upregulated by BMAL:CLOCK and the lamin A 
dimer is produced, it feeds back to negatively regulate Per expression (Figure 6.3).  
 
Figure 6.3. Cell Designer regulatory network for Model 1, lamin A is under clock control, through 
positive regulation by BMAL:CLOCK, and negatively regulates Per transcription. 
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6.4.1.2 Model 2: lamin A upregulates Per expression 
The second model also involved lamin A providing feedback regulation to the expression of Per 
mRNA. In contrast with the first model, this model observed the effect of lamin A feeding back to 
positively regulate Per. Lamin A mRNA and protein are upregulated by BMAL:CLOCK, in 
synchronisation with Per, Cry, and Rev-erbα. It was predicted that lamin A will feedback to act as a 
further ‘boost’ to upregulate Per mRNA and protein levels (Figure 6.4).  
 
 
 
Figure 6.4. Cell Designer regulatory network for Model 2, lamin A is under clock control, through 
positive regulation by BMAL:CLOCK, and positively regulates Per transcription. 
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6.4.1.3 Model 3: lamin A regulates TF localisation 
The third model included lamin A expression positively regulated by the BMAL:CLOCK heterodimer 
to produce rhythmic lamin A mRNA traces and protein production. In addition, it incorporated the 
formation of an additional complex: a lamin A dimer bound to PER:CRY (Lm_Lm:PCn). After the 
production of lamin A dimers, the Lm_Lm:PCn complex is formed and relocates the PER:CRY 
heterodimer to the nuclear periphery. This re-localisation of the transcription factor complex to the 
nuclear periphery prevents PER:CRY from binding to the BMAL:CLOCK heterodimer. Subsequently, 
the BMAL:CLOCK:PER:CRY complex cannot be formed and targeted for degradation. In addition, this 
localisation prevents the expression of any circadian controlled genes regulated by PER:CRY. 
Therefore, in this model and by this mechanism of circadian clock feedback regulation, lamin A 
temporally regulates the activity of PER:CRY within the nucleus through control of its nuclear 
localisation (Figure 6.5).  
 
Figure 6.5. Cell Designer regulatory network for Model 3, lamin A is under clock control, through 
positive regulation by BMAL:CLOCK, and binds to PER:CRY complex in the nucleus to tether it to 
the nuclear periphery. 
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6.4.1.4 Model 4: lamin A regulates TF translocation 
Our fourth model includes Lamin A expression positively regulated by the BMAL:CLOCK heterodimer 
to produce rhythmic Lamin A mRNA traces and protein production. This model incorporates negative 
feedback through inhibiting the translocation of the PER:CRY heterodimer from the cytoplasm into 
the nucleus, delaying the entry of PER:CRY into the nucleus and preventing it from binding to 
BMAL:CLOCK. The formation of the PER:CRY:BMAL:CLOCK complex results in subsequent targeting 
for degradation and thus, translocation inhibition delays PER:CRY degradation and BMAL:CLOCK 
degradation. This facilitates further positive gene up-regulation by BMAL:CLOCK and prevents clock-
controlled gene expression by PER:CRY. Therefore, this model feeds back to regulate the circadian 
molecular clock through controlling the translocation rate of PER:CRY into the nucleus (Figure 6.5).  
 
Figure 6.6. Cell Designer regulatory network for Model 4, lamin A is under clock control, being 
positively regulated by BMAL:CLOCK, and negatively regulates the translocation of PER:CRY into 
the nucleus. 
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6.4.2 Model Simulations 
6.4.2.1 REV-ERBα model 
The mathematical simulation produced by Leloup and Goldbeter incorporated Bmal, Per, Cry, and 
Rev-erbα genes (Leloup and Goldbeter, 2003). The expression of Bmal peaks at roughly hours 12, 36, 
and 60, and has higher amplitude than the expression of the negative core clock genes. The 
expression of Per, Cry, and Rev-erbα are in synchronisation and peak at roughly hours 21, 45, and 69, 
shown in Figure 6.7. This model integrates entrainment signals from light: dark diurnal patterns to 
the circadian clock, through the incorporation of light-induced Per expression. The removal of these 
entrainment signals, under constant dark conditions, does not alter the production of free-running 
oscillations in the expression of clock genes. Therefore, this mathematical model represents a robust 
and dynamic representation of the circadian molecular clock.  
 
 
 
 
 
 
 
Figure 6.7. Gene expression simulations of the Leloup and Goldbeter Model (Supplementary Figure 
8; Leloup and Goldbeter, 2003). mRNA levels over a 72-hour period for the model demonstrating 
rhythmic expression in Bmal, Per, Cry, and Rev-erbα, represented as MB, MP, MC, and MR, 
respectively. The mRNA concentration of Per, Cry, and Rev-erbα are shown on the left Y-axis, and 
Bmal mRNA concentration is shown on the right Y-axis. 
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6.4.2.2 The circadian clock regulates Lmna 
To begin investigating potential mechanisms that lamin A may use to feedback and regulate the 
circadian clock, the Leloup and Goldbeter model was reproduced and adapted to include Lmna gene 
expression and protein production. In keeping with previous experimental data that demonstrated 
rhythmic oscillations in the expression of Lmna that are in synchronisation with the genes of the 
negative arm of the core clock, Lmna upregulation by BMAL:CLOCK was incorporated into the model. 
This produced rhythmic Lmna traces that were synchronised with the negative arm core clock genes 
and Rev-erbα, and were anti-phase to Bmal expression (Figure 6.8).  
 
Figure 6.8 COPASI mRNA concentration for the Leloup and Goldbeter model with lamin A 
incorporated over 72 hours. Lamin A mRNA synthesis is regulated by BMAL:CLOCK, generating 
oscillating mRNA expression that is in phase with the negative arm of the circadian clock.   
 
The corresponding protein traces for BMAL, PER:CRY, REV-ERBα and LMNA were also produced with 
rhythmic oscillations (Figure 6.9). Lamin A was in synchronisation with the negative arm proteins, 
the PER:CRY heterodimer, and REV-ERBα, with LMNA peaking 1-2 hours earlier. BMAL was anti-
phase as expected and peaked first.  
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Figure 6.9 COPASI protein concentration for the Leloup and Goldbeter model with lamin A 
incorporated over 72 hours. BMAL protein in the nucleus was anti-phase with PER:CRY complex in 
the nucleus and REV-ERBα. Lamin dimer in the nucleus peaked a few hours before PER:CRY complex 
peaks. 
6.4.3 Lamin A Feedback Models 
The activity of lamin A in the adapted model was altered to model four mechanisms of lamin A 
feedback regulation onto the circadian clock, depicted in the Cell Designer Diagrams shown in 
Figures 6.3, 6.4, 6.5, and 6.6. The ODEs corresponding to each of the four models can be found in the 
appendix. Once these models were generated and suitable parameter values obtained, lamin A was 
manipulated to achieve overexpression and knockout conditions. Within these manipulated models 
the effect on the molecular clock was observed, to further the understanding of potential feedback 
mechanisms to the clock. In addition, it was evaluated whether the output from these models 
matched laboratory data, to highlight mechanisms of interest and direct future experiments. As the 
models were generated by inputting suitable parameter values, the robustness of each model was 
analysed by adapting the overexpression or knockout to 50%. The effect of a full knockout or 
overexpression was compared to the 50% manipulation. This ensures that the impact on the clock 
under each condition is directly related to the corresponding levels of lamin A present, and it can be 
guaranteed that the effect is robust. 
241 
 
6.4.3.1 Model 1: Per synthesis Repression 
To model the negative regulation of Per mRNA synthesis by lamin A, the mPer synthesis reaction was 
adapted to include competitive inhibition by the lamin A dimer (Lm_Lm). In the Leloup and 
Goldbeter model, Per mRNA synthesis was only regulated positively by BMAL and oscillations were 
generated in accordance with BMAL protein levels. In this manner, as BMAL protein oscillated with a 
circadian rhythm, BMAL could only upregulate Per expression in a circadian manner. With the 
addition of lamin A negative inhibition, once Lmna expression is upregulated by BMAL and lamin A 
levels increase, this will act to repress the expression of Per.  
 
Incorporating the repression of Per expression by lamin A into the model had no effect on the 
oscillatory periods of expression, but there was a slight decrease in the amplitude of Per expression 
(Figure 6.10A.). In addition, the protein levels of BMAL decreased from 4 to 3 nmol/L but the levels 
of PER:CRY complex in the nucleus remained between 1 to 2 nmol/L (Figure 6.10B.).  
 
 
 
 
 
 
Figure 6.10. mRNA traces and protein concentrations in Model 1, lamin A repressing Per synthesis. 
Lmna mRNA and protein oscillate in phase with the negative arm core clock genes, and antiphase to 
Bmal mRNA expression and protein levels. 
 
A. B. 
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6.4.3.2 Model 1: Per Repression, lamin A Overexpression  
To begin investigating the relationship between lamin A and the circadian clock with lamin A feeding 
back to repress Per synthesis, the next aim was to investigate the effect of lamin A overexpression in 
this model on circadian mRNA expression and protein concentration. Lamin A was overexpressed; 
mRNA oscillated at 525 nmol/L and protein concentration was increased to 1000 nmol/L (Figures 
6.11A. and 6.11B.). In response, Per expression decreased rapidly to 0 nmol/L, Cry expression 
increased by 1 nmol/L, and the period of gene expression increased (Figures 6.11A.). Additionally, 
the concentration of PER:CRY complex decreased to 0 nmol/L, BMAL and REV-ERBα increased to 7.5 
nmol/L and 6 nmol/L, respectively, and the period increased (and 6.11B.). The 50% lamin A 
overexpression model, where lamin A mRNA and protein concentration were approximately 
150nmol/L and 200 nmol/L, respectively, retained the repression of per mRNA and PER:CRY complex 
in the nucleus in a robust manner (Figures 6.11C. and 6.11D.).  
 
 
 
 
 
 
 
 
 
 
Figure 6.11. mRNA traces and protein concentrations in Model 1 with lamin A overexpression and 
50% overexpression, lamin A repressing Per synthesis. Lamin A mRNA and protein was 
overexpressed to around 525 nmol/L and 1000 nmol/L, respectively. 50% overexpression models 
were reduced to 200 nmol/L mRNA and 200 nmol/L protein levels. 
A. B. 
C. D. 
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6.4.3.3 Model 1: Per Repression, lamin A Knockout  
Next, lamin A was knocked out in Model 1 to investigate the effect of lamin A knockout on the 
circadian molecular clock incorporating a stable feedback loop of lamin A repressing Per synthesis. 
Lamin A mRNA and protein concentration were knocked out to 0 nmol/L (Figure 6.12A. and 6.12B.). 
The levels of Per mRNA under these conditions increased slightly, Per mRNA was at the same 
concentration as Cry mRNA, and PER:CRY complex in the nucleus increased at peak concentration 
from roughly 1.5 nmol/L to 2 nmol/L (Figure 6.12A. and 6.12B.). Robustness of this knockout was 
investigated through testing conditions with a 50% lamin A knockdown to peak concentration of 1 
nmol/L and 0.3 nmol/L for mRNA and protein, respectively (Figure 6.12C. and 6.12D.). The observed 
effect in Per mRNA and protein concentration in the 50% model demonstrated consistent 
concentrations with the full knockout model (Figure 6.12C. and 6.12D.). 
 
 
 
 
 
 
 
 
 
 
Figure 6.12. mRNA traces and protein concentrations in Model 1 with lamin A knockout and 50% 
knockdown, lamin A repressing Per synthesis. Lamin A mRNA and protein knockout to 0 nmol/L and 
50% knockdown to 1 nmol/L and 0.3 nmol/L for mRNA and protein, respectively. 
B. 
C. D. 
A. 
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6.4.3.4 Model 2: Per synthesis Upregulation 
To model lamin A feedback regulation to upregulate Per, the mPer synthesis reaction was adapted to 
include upregulation by the Lm_Lm dimer as a modifier in addition to BMAL. Bmal mRNA oscillated 
with a circadian rhythm antiphase to Lmna and Per; when BMAL protein levels were high in the 
nucleus, it upregulated Lmna and Per expression. In this model, BMAL upregulated the expression of 
LMNA and in turn, LMNA further increased Per expression. Accordingly, the oscillatory increase in 
levels of lamin A, by BMAL, feedback to boost upregulation of Per expression.  
Incorporating lamin A upregulation of Per synthesis in Model 2 shifted the phase of Per expression 
oscillation earlier and consequently, it was in phase with Bmal (Figure 6.13A.). The oscillation of 
PER:CRY complex in the nucleus dampened in amplitude and exhibited a slight phase shift to peak 
earlier, just before REV-ERBα; normally PER:CRY complex peaked just after REV-ERBα (Figure 6.13B.; 
Figure 6.8). Furthermore, the protein concentrations at peak oscillation of BMAL, LMNA, and REV-
ERBα were also reduced in this feedback model (Figure 6.13B.).  
 
 
 
 
 
 
Figure 6.13. mRNA traces and protein concentrations in Model 2, lamin A upregulating Per 
synthesis. Lamin A oscillates in phase with the negative arm core clock genes, and Per mRNA and 
PER:CRY complex peak earlier are have dampened oscillations. 
A. B. 
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6.4.3.5 Model 2: Per Upregulation, lamin A Overexpression 
To investigate the response of lamin A manipulation on the circadian clock in Model 2: lamin A 
upregulating Per expression, first, the concentration of lamin A mRNA and protein were 
overexpressed. Lamin A mRNA increased to around 400 nmol/L and protein increased to 600 nmol/L 
(Figure 6.14A. and 6.14B.). The expression of Per decreased rapidly to 0 nmol/L and Cry increased to 
6 nom/L; additionally, the concentration of PER:CRY protein complex in the nucleus decreased to 0 
nmol/L (Figures 6.14A. and 6.14B.). This effect was demonstrated as robust in the 50% lamin A 
overexpression model, with lamin A mRNA and protein concentration at roughly 160nmol/L and 200 
nmol/L, respectively. Both Per mRNA and PER:CRY complex in the nucleus remained repressed to 0 
nom/L (Figures 6.14C. and 6.14D.). This result was unexpected, it was predicted that the 
upregulation of Per by lamin A would be heightened and consequently, Per mRNA levels would be 
increased. 
 
 
 
 
 
 
 
 
 
Figure 6.14. mRNA traces and protein concentrations in Model 2 with lamin A overexpression and 
50% overexpression, lamin A upregulating Per synthesis. Lamin A mRNA was overexpressed to 
around 500 nmol/L and protein to 500 nmol/L. 
A. 
C. D. 
B. 
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5.4.3.6 Model 2: Per Upregulation, lamin A Knockout 
To investigate whether the response of lamin A knockout in Model 2 mirrors the unusual result 
observed on overexpression of lamin A, the next aim was to knockout lamin A. Lamin A mRNA and 
protein were knocked out to 0 nmol/L (Figure 6.15A. and 6.15B.). The concentration of Per and Bmal 
mRNA and PER:CRY complex increased, and oscillated with a shorter period, eventually producing a 
flat line (Figure 6.15A. and 6.15B.). This simulation is robust as when lamin A was knocked down at 
50%, the concentration of Per and Bmal mRNA and PER:CRY complex continued to increase with 
time and oscillated with a shorter period (Figure 6.15C. and Figure 6.15D.). This result was 
unexpected, it was predicted that the upregulation of Per by lamin A would be lost and 
consequently, the expression of Per would be decreased. 
 
 
 
 
 
 
 
 
 
 
Figure 6.15. mRNA traces and protein concentrations in Model 2 with lamin A knockout and 50% 
knockdown, lamin A upregulating Per synthesis. Lamin A complete knockout, or 50% knockdown to 
1 nmol/L and 0.3 nmol/L for mRNA and PER:CRY complex protein, respectively. 
A. 
C. D. 
B. 
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6.4.3.7 Model 3: PER:CRY sequestering 
To model lamin A sequestering and regulating the activity PER:CRY complex in the nucleus, a new 
complex was added into Model 3: Lm_LmPCn. This represented the formation of a complex 
containing a Lamin dimer and the PER:CRY heterodimer in the nucleus. This complex sequesters 
PER:CRY in the nucleus at the nuclear periphery, where Lamin dimers are located, and as a result, it 
regulates the activity of PER:CRY. Indeed, this reaction prevents PER:CRY from complexing with 
BMAL, and prevents the complex being targeted for degradation.  
 
The addition of this complex formation incorporated into the third model did not change the mRNA 
traces of the core clock genes or Lmna (Figure 6.16A.). The oscillation in protein concentrations 
observed after the integration of the Lm_Lm:PER:CRY complex remained unchanged for BMAL, but 
the concentration of PER:CRY, REV-ERBα and LMNA were roughly 0.5 nmol/L lower (Figure 6.16B.). 
 
 
 
 
 
Figure 6.16. mRNA traces and protein concentrations in Model 3, lamin A sequestering PER:CRY 
complex within the nucleus. Lamin A and the new complex Lm_Lm:PER:CRY are oscillating in phase 
with the negative arm core clock genes, and are anti-phase to Bmal mRNA and protein oscillation.   
 
A. B. 
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6.4.3.8 Model 3: PER:CRY sequestering, lamin A Overexpression 
To investigate whether the overexpression of lamin A perturbs the dynamics of the molecular clock 
in Model 3, the next aim was to overexpress lamin A mRNA and protein. Lamin A mRNA and protein 
were overexpressed to 500nmol/L and 200nmol/L (Figure 6.17A. and Figure 6.17B.). The 
concentration of Per and Cry mRNA increased by 1 nmol/L, and Per, Cry, and Rev-erbα were phase-
delayed and peaked 2 hours later (Figure 6.17A.). The protein concentration of BMAL and REV-ERBα 
in the nucleus increased from 4 to 6nmol/L and 1.5 to 4nmol/L, respectively; PER:CRY in the nucleus 
was repressed to 0nmol/L (Figure 6.17B.). The response observed in Per, Cry, and Rev-erbα mRNA 
and BMAL, REV-ERBα, and PER:CRY protein was demonstrated as a robust response as the same 
oscillations in concentration were observed when the concentration of lamin A overexpression was 
reduced to 50% (Figure 6.17C. and Figure 6.17D.).  
 
 
 
Figure 6.17. mRNA traces and protein concentrations in Model 3 with lamin A overexpression and 
50% overexpression, sequestering PER:CRY complex within the nucleus. Lamin A overexpression to 
500nmol/L for mRNA and 200nmol/L for protein, and 50% overexpression to 200nmol/L for mRNA 
and 100nmol for protein. 
A. B. 
C. D. 
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6.4.3.9 Model 3: PER:CRY sequestering, lamin A Knockout 
The next aim was to determine the response of the molecular clock to knockout of lamin A in Model 
3, with lamin A sequestering PER:CRY at the nuclear periphery. Lamin A mRNA and protein were 
knocked out to 0 nmol/L (Figure 6.18A. and Figure 6.18B.). The concentration of Bmal, Per, Cry, and 
Rev-erbα mRNA remained oscillating at similar levels (Figure 6.18A.). In addition, BMAL, REV-ERBα, 
and PER:CRY protein in the nucleus continued to oscillate at a similar concentration (Figure 6.18B.).  
50% knockdown of lamin A in Model 3 also had no effect on the concentration or periodicity of 
circadian mRNA or protein oscillations (Figure 6.18A. and figure 6.18B.).   
 
 
 
 
 
 
 
 
Figure 6.18. mRNA traces and protein concentrations in Model 3 with lamin A knockout and 50% 
knockdown, sequestering PER:CRY complex within the nucleus. Lamin A complete knockout, or 
knockdown to 0.5 nmol/L and 0.3 nmol/L for mRNA and protein, respectively. 
 
A. B. 
C. D. 
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6.4.3.10 Model 4: PER:CRY translocation regulation 
To model the regulation of PER:CRY translocation into the nucleus by lamin A, the translocation of 
PCc, PER:CRY complex in the cytoplasm, into the nucleus was changed from mass action kinetics to 
competitive inhibition. The Lamin dimer Lm_Lm was introduced into this reaction as an inhibiting 
modifier and hence, negatively regulated the translocation of PER:CRY into the nucleus. In this 
regard, when the concentration of lamin A and lamin A dimers was high, it was predicted that there 
would be a higher level of negative regulation on PER:CRY complex translocation into the nucleus. 
 
The addition of negative regulation by lamin A acting on PER:CRY translocation into the nucleus 
disturbed the normal oscillating steady state model. The cycling concentration of Bmal, Per, Cry, and 
Rev-erbα mRNA in this model decreased by roughly 1 nmol/L (Figure 6.19A.). In addition, the cycling 
protein concentration of BMAL, PER:CRY, and REV-ERBα dampened by roughly 0.5 nmol/L (Figure 
6.19B.).  
 
 
 
 
 
Figure 6.19. mRNA traces and protein concentrations in Model 4, lamin A regulating PER:CRY 
translocation from the cytoplasm into the nucleus. The oscillating concentration of Bmal, Per, Cry, 
and Rev-erbα mRNA, and BMAL, PER:CRY, and REV-ERBα protein are decreased. 
 
A. B. 
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6.4.3.11 Model 4: Regulate PER:CRY translocation, lamin A Overexpression 
To investigate whether the manipulation of lamin A perturbs the dynamics of the molecular clock 
with lamin A regulating PER:CRY nuclear entry, the next aim was to overexpress lamin A. Lamin A 
mRNA and protein were overexpressed to roughly 520nmol/L and 400nmol/L (Figure 6.20A. and 
Figure 6.20B.). The oscillation of Per, Cry, and Rev-erbα mRNA increased by roughly 1 nmol/L, and 
were phase-delayed by a few hours (Figure 6.20A.). In contrast, protein oscillations for BMAL and 
REV-ERBα were increased by roughly 1.5 nmol/L, and PER:CRY complex in the nucleus decreased 
from 1 nmol/L to roughly 0.5 nmol/L (Figure 6.20B.). 
The oscillating mRNA transcripts remained at the same concentration when the levels of lamin A 
overexpression were reduced to 100 nmol/L for mRNA and protein (Figure 6.20C.). In contrast, the 
upregulation of BMAL and REV-ERBα were reduced by 0.5 nmol/L, and PER:CRY complex in the 
nucleus was increased to 0.75 nmol/L with a dampening of translocation repression (Figure 6.20D.).  
 
 
 
 
 
 
 
 
Figure 6.20. mRNA traces and protein concentration in Model 4 with lamin A overexpression and 
50% overexpression, regulating PER:CRY translocation. Lamin A is overexpressed to 520nmol/L for 
mRNA and 410nmol/L for protein, and 50% overexpression concentration is to 100nmol/L for mRNA 
and 100nmol/L for protein. 
 
A. B. 
C. D. 
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6.4.3.12 Model 4: PER:CRY translocation regulation, lamin A Knockout 
To investigate whether the response of lamin A knockout in Model 4 elicits a response in circadian 
molecular clock cycling, the next aim was to knockout lamin A. Lamin A mRNA and protein 
concentration were knocked out to 0 nmol/L (Figure 6.21A. and 6.21B.). The concentration of Bmal, 
Per, Cry, and Rev-erbα mRNA oscillations remained at the same level (Figure 6.21A.). Additionally, 
the oscillations of BMAL, PER:CRY, and REV-ERBα in the nucleus continued to oscillate at the same 
concentration (Figure 6.21B.). 
When the levels of lamin A were knocked down by 50% to 0.4 nmol/L and 0.6 nmol/L for mRNA and 
protein respectively, the concentration of circadian mRNA and proteins continued to oscillate at the 
same concentration (Figure 6.21C. and Figure 6.21D.). Hence, knockout of lamin A in Model 4 does 
not disrupt the cycling of the molecular core clock. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.21. mRNA traces and protein concentration in Model 4 with lamin A knockout and 50% 
knockdown, regulating PER:CRY translocation. Lamin A complete knockout, or knockdown to 0.5 
nmol/L and 0.5 nmol/L for mRNA and protein, respectively. 
  
 
A. B. 
C. D. 
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6.5 Model Evaluation- Model Output to Data set 
C2C12 myoblasts overexpressing lamin A, by transfection with lamin A plasmid, demonstrated 
increased expression of Per1, Per2, Bmal1, and Rev-erbα, and reduced the expression of Cry1 
(Figures 4.9 and 4.11). Increased expression of Per1 and Bmal1 were also observed over a 24-hour 
circadian time-course in myoblasts overexpressing lamin A (Figures 4.12 and 4.14). Furthermore, 
C2C12 myoblasts with a knockdown of lamin A, by transfection with validated siRNA, demonstrated 
repression in the expression of Per1, Per2, Cry1, Bmal1, and Rev-erbα (Figures 4.1 and 4.3). The 
repression of circadian lock gene expression, in response to lamin A knockdown in myoblasts, was 
also observed over a circadian time-course for 24 hours (Figures 4.4 and 4.6). 
Table 6.1 Summary of Circadian clock gene expression in response to lamin A manipulation for 
Models 1-4.  
 Circadian Clock gene expression Data Match 
Model1 Overexpression Per repression, Cry upregulation, period lengthening  
Model1 Knockout Per upregulation  
Model2 Overexpression Per repression, Cry upregulation, period lengthening  
Model2 Knockout Per upregulation, Bmal upregulation, period shortening  
Model3 Overexpression Per and Cry upregulation, Per, Cry and Rev-erbα phase delay 
(not Cry) 
Model3 Knockout No change  
Model4 Overexpression Per, Cry, and Rev—erbα upregulation and slight phase delay 
(not Cry) 
Model4 Knockout No change  
 
Models 1 and 2 incorporated lamin A regulation to repress and upregulate Per expression, 
respectively. In response to lamin A overexpression, both Model 1 and Model 2 resulted in repressed 
Per expression, upregulated Cry expression, and the period of the cycling clock lengthened (Figures 
6.11a. and 6.14A.).  In addition, lamin A knockout in both Models 1 and 2 upregulated the expression 
of Per, and in Model 2, Bmal expression was also upregulated and the period of the cycling clock was 
shortened (Figures 6.12A. and 6.15A.). In response to lamin A gain-of and loss-of function in 
myoblast experimental data, Per1, Per2, and Bmal1 expression was upregulated and Cry1 expression 
was repressed, and Per1, Per2, Bmal1, and Cry1 expression was repressed, respectively (Figures 4.11 
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and 4.14; Figures 4.3 and 4.6). Hence, Models 1 and 2 produce the opposite result. It was predicted 
that Model 2 would best match the laboratory generated data in response to lamin A manipulation; 
lamin A overexpression was predicted to increase Per expression further and lamin A knockout to 
reduce Per expression, due to increased and lost Per upregulation by lamin A, respectively. 
Unfortunately, Model 2 output data did not fit with the Model hypothesis.  
Model 3 regulated PER:CRY nuclear localisation through the formation of a complex with Lamin 
dimers, altering PER:CRY activity. Lamin A overexpression upregulated the expression of Per and Cry, 
and Per, Cry, and Rev-erbα displayed a phase delay in mRNA oscillation (Figure 6.17A). In addition, 
lamin A knockout produced no change to core clock cycling in response to lamin A knockout (Figure 
6.18A). Clock gene expression in response to the manipulation of lamin A in Model 3 was not 
supported by myoblast experimental data; overexpression of lamin A repressed Cry expression and 
did not phase delay in clock cycling, and lamin A knockout repressed clock gene expression (Figures 
4.3 and 4.11). 
Model 4 regulated PER:CRY translocation and appeared more promising, most closely matching 
experimental data generated in this thesis. In response to lamin A overexpression, Per, Cry, and Rev-
erbα mRNA were up-regulated; myoblasts with an overexpression of lamin A also demonstrated an 
increase in Per1, Per2, and Rev-erbα expression, but demonstrated repressed Cry1 expression 
(Figures 6.20A., 4.11, and 4.14). In contrast, there was no change in gene expression when lamin A 
was knocked out, unlike C2C12 myoblasts with lamin A knockdown which demonstrated a 
repression in clock gene expression (Figure 6.21A., and 4.3). 
Future research may include fine-tuning and improving Models 2 and 4 with aim of generating 
circadian clock gene expression in response to lamin A manipulation that reflects experiments data. 
Moreover, further experimental investigations may be conducted to produce data that supports one 
of these potential feedback mechanisms of regulation by lamin A.  
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6.6 Discussion 
Over the past decade, research has highlighted the role of the circadian clock in disease progression, 
and the need for therapeutic disease treatment to incorporate aspects of circadian rhythm research. 
This was accentuated in 2007 as the WHO released a statement classifying night shift-work as 
‘probably carcinogenic’ due to circadian clock disruption (Straif, et al., 2007). Studies have now 
determined a link between circadian clock disruption and cancer, diabetes, cardiovascular disease, 
asthma, and many more diseases (Papagiannakopoulos, et al., 2016; Onaolapo and Onaolapo, 2018; 
Kervezee, Kosmadopoulos, and Boivin, 2018; Ehlers, et al., 2018). In this regard, the treatment of 
sleep disorders, including disorders observed in patients suffering Huntington's disease, has been 
adapted to include circadian clock synchronising methods such as bright light therapy and treatment 
with a melatonin agonist (Van Wamelen, Roos, and Aziz, 2015).  
The development of mathematical models was prompted to aid in elucidating a clearer 
understanding of circadian mechanisms and initially, was aimed at investigating how the molecular 
clock was able to cycle, become entrained, and free-run. Furthermore, mathematical models were 
developed and applied to investigate potential feedback mechanisms to the circadian molecular 
clock. The research in this chapter is consistent with previous work incorporating mathematical 
models to investigate feedback mechanisms to the circadian clock. As early as 1991, mathematical 
models were used as a tool to begin investigating how temperature changes are sufficient to re-set 
the circadian clock (Lakin-Thomas, Brody, and Coté, 1991). Models combined mechanisms of 
potential amplitude and period resetting to produce testable predications in response to 
temperature changes as a single parameter (Lakin-Thomas, Brody, and Coté, 1991; Ruoff, et al., 
1997; Leloup and Goldbeter, 1997). Furthermore, the relationship between the circadian clock and 
the cell cycle has been investigated through mathematical models. Feillet et al. investigated the 
temporal co-ordination of the cell cycle and the circadian clock through data collection with single 
live cells, computational methods and mathematical models (Feillet, et al., 2014).  Additionally, 
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Woller et al. designed a mathematical model to investigate the potential link between specific diets 
and cycling of the liver molecular clock (Woller, et al., 2016). They included parameters to model a 
normal, fasting, and high-fat diet, and investigated mechanisms of clock disruption (Woller, et al., 
2016). A further mathematical model investigated morning and evening oscillators for Per1 and Per2 
respectively, comprising single-cell dual oscillators and incorporated a coupling signal of vasoactive 
intestinal polypeptide (VIP) and arginine vasopressin (AVP) (Sriram, 2017). Finally, recent research 
used a model to further investigate temperature compensation by the circadian clock and revealed 
underlying mechanisms involving the affinity with CKIδ-ATP complex, a temperature dependant 
kinase (Shinohara, et al., 2017). 
These models incorporated iterations of laboratory generated data to refine and improve models 
until a singular, best-fitting model was chosen; driving future research. Indeed, the research in this 
chapter follows the study design of these research papers, a mathematical model was produced and 
this was compared to initial experimental data generated in the laboratory to probe and investigate 
the relationship between lamin A and the circadian clock.  
Incorporating chronotherapy and awareness of the circadian clock into treatment plans for patients 
suffering with cancer or hypertension improves the treatment outcome (Innominato, Lévi, and 
Bjarnason, 2010; Bowles, et al., 2018). Comparison of Roscovitine, a selective Cdk-inhibitor, delivery 
at Zeitgeber time 3 (ZT3) to ZT19 identified higher systemic exposure at ZT3 to adipose tissue, testis, 
kidney, and lungs, and higher exposure at ZT19 in the lungs (Sallam, et al., 2015). Similarly, the 
pharmacokinetics of levofloxacin demonstrate a circadian rhythm in the pattern of drug absorption 
(Kervezee, et al., 2016). These data provide a strong basis for promoting future research identifying 
the circadian regulation involved in drug delivery, and for therapeutic strategies to incorporate 
chronotherapy. 
The development of mathematical models for chronotherapy enables the predication and testing of 
potential input, output, and feedback pathways involved in the treatment of disease. Consequently, 
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circadian models have been developed aiming to facilitate this research (Becker-Weimann, et al., 
2004; Wang, et al., 2017b; Podkolodnaya, Tverdokhleb, and Podkolodnyy, 2017; Mavroudis, et al., 
2018). Leloup and Goldbeter used a molecular clock mathematical model to investigate the 
involvement of circadian rhythms in physiological disorders and jet lag. The entrainment to light-
dark cycles was investigated for circadian-related physiological disorders familial advanced sleep 
phase syndrome (FASPS) and delayed sleep phase syndrome (DSPS), demonstrating phase advance 
and phase delay, respectively (Leloup and Goldbeter, 2008). In addition, they investigated re-
entrainment of the molecular clock in response to jet lag and identified that the type and timing of 
re-entrainment required depends on the autonomous clock period, light intensity, biochemical 
kinetic parameters, and the direction and magnitude of the phase shift (Leloup and Goldbeter, 
2013). Mathematical models for pharmaceutical chronotherapy, otherwise known as 
chronopharmacology, aim to enhance the efficacy of drugs through improving and optimising drug 
delivery. Circadian rhythms have already been linked to the efficacy of drug delivery for diseases 
such as arthritis, metabolic disorders, and cancer. Hadaeghi et al. used a mathematical model of the 
circadian clock and neurotransmitter functioning in the brain to investigate the role of 
desynchronised clocks in bipolar disorder; this research observed output sleep/wake cycles to 
identify whether the model replicates deviations observed during manic and depressive episodes 
(Hadaeghi, et al., 2016). The role of the circadian clock in the progression of arthritis pathology has 
also been discussed and a mathematical model was designed to incorporate two hypothesis-driven 
potential mechanisms through which the circadian clock may be involved in arthritis disease 
progression (Rao, et al., 2016). Furthermore, the mathematical model designed by Woller et al. to 
investigate mechanisms of clock disruption by high-fat or fasting diets also predicted mechanisms of 
pharmacological rescue by Rev-erbα administration (Woller, et al., 2016). Studies utilising in vitro 
data and a mathematical model for cancer chronotherapy demonstrated circadian rhythms in 
irinotecan, a topoisomerase I inhibitor, bioactivation, detoxification, transport, and targeting to 
colorectal cancer cells (Dulong, et al., 2015). A further mathematical model identified a circadian 
258 
 
rhythm of pharmacokinetics for the cancer drug 5-fluorouracil following administration at different 
time points, observed through plasma concentrations in rats (Kobuchi, et al., 2016). Peak clearance 
of 5-fluorouracil is observed roughly 2 hours after light onset and trough clearance levels are 14 
hours post-light onset (Kobuchi, et al., 2016). Ayyar et al. investigated the dosage of 
methylprednisolone (MPL) on the anti-inflammatory mediator glucocorticoid-induced leucine zipper 
in multiple tissues through a mathematical model and identified tissue-specific circadian rhythms in 
pharmacodynamics (Ayyar, et al., 2017). Finally, glucocorticoids are produced by the hypothalamic-
pituitary-adrenal (HPA) axis in a circadian manner and feedback to regulate the circadian clock; 
synthetic glucocorticoids are administered as an anti-inflammatory and immunospressor (Coutinho 
and Chapman, 2011). A mathematical model was created to investigate the response of 
glucocorticoid administration on endogenous cortisol rhythms and identified a time-dependant 
effect on the amplitude and acrophase (Rao, Scherholz, and Androulakis, 2018).  
The four hypothesis-driven Models 1-4 of this chapter have produced dynamic simulations that 
enable the generation of predications for future investigations into potential interactions between 
lamin A and the circadian clock.  These models allow us to highlight mechanisms of interest, fine-
tune and adjust parameter values, and direct future experimental data collection. The overall 
research hypothesis for this thesis predicts that lamin A and the circadian clock have a bi-directional 
feedback relationship, and that both LMNA and the core molecular clock proteins are required to 
ensure that there are correct concentrations of the other present within a single cell. Furthermore, it 
is predicted that the loss of lamin A in laminopathy patients has dramatic consequences on circadian 
molecular clock cycling; contributing to pathogenesis of tissue-specific defects in laminopathy 
disorders, such as muscle-wasting diseases and lipodystrophies. To test this prediction further, and 
investigate potential pharmacological routes of treatment, a functioning mathematical model of the 
lamin A and molecular clock relationship would prove invaluable.  
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6.7 Conclusion 
These mathematical models provided predictions for clock gene and protein concentrations in 
response to lamin A manipulation within different mechanistic feedback relationships, in which the 
clock upregulated lamin A and lamin A was feeding back to regulate the circadian clock. The model 
that matched laboratory generated data in this thesis most closely was Model 4. Paired with lab 
work to highlight mechanisms that are aligned to experimental output data, refining of these 
mathematical models will enable us to predict potential feedback mechanisms of interest and direct 
laminopathy and circadian biology research accordingly.  
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7 General Discussion 
7.1 Summary of Main Findings 
The main findings of this thesis were: 
1. Time-course data from muscle cell lines, primary muscle cells, and murine muscle 
identified a circadian rhythm in lamin A mRNA expression and protein levels. Examined through 
collecting myoblasts, myotubes, and muscle in a circadian time-course, lamin A was investigated 
using qRT-PCR, western blotting, and immunocytochemistry. Expression of Lmna was in the same 
phase as the expression of the negative arm core clock genes and Rev-erbα, and antiphase to Bmal1 
expression.  
2. Rhythmic Lmna expression qRT-PCR data were observed in WT MEFs collected around the 
clock at both mRNA expression and protein levels. Consistent with previous data, Lmna expression 
was in the same phase as the expression of Per2, and anti-phase to Bmal1. The rhythmic expression 
of Lmna was lost in the Cry1 and Cry2 double knockout. Expression of Lmna followed the pattern of 
Per2 expression in response to Cry1 and Cry2 knockout, and was arrhythmic and upregulated. 
3. Data from C2C12 myoblasts with a lamin A knockdown identified a reduction in the 
expression of circadian clock genes: Per1, Per2, Bmal1, Cry1, and Rev-erbα. C2C12 myoblasts 
transfected with 5nmol validated lamin A siRNA were examined for clock gene expression through 
qRT-PCR. In addition, C2C12 myoblasts were stably transfected with Bmal1::Luc reporter plasmid. 
The dampening of Bmal1 expression in response to transfection with validated lamin A siRNA was 
observed in real-time through bioluminescent imaging in the LumiCycle.  
4. Data from C2C12 myoblasts transfected with 1µg lamin A plasmid, overexpressing lamin 
A, demonstrated a reduction in the expression of Cry1 and an increase in the expression of Per1, 
Per2, and Bmal1. C2C12 myoblasts with a stable Bmal1::Luc transfection were utilised to observe the 
261 
 
increase of Bmal1 expression in response to transfection with lamin A plasmid in real-time in the 
LumiCycle. 
5. Cell-line and primary myoblasts loaded for 24 hours on the Flexcell machine at 6.66% 
strain presented variable but supportive data for the response of the circadian clock to mechanical 
stimulation. Primary myoblasts responded to 24-hour strain with an increase in Lmna expression, 
and a decrease in Cry1 expression. C2C12 myotubes had an increased Bmal1 and Cry1 expression 
after being subject to 24-hour Flexcell loading.  
6. WT mouse muscle collected from mice in an in vivo loading study demonstrated, through 
qRT-PCR data, that samples from acute loaded male Gas and chronic loaded male Quad both have 
an upregulation in Clock expression. No change was observed in the expression of the other 
circadian clock genes or lamin A.   
7. Production of a mathematical model to facilitate future studies elucidating the 
relationship between lamin A and the circadian molecular clock. The model incorporated light: dark 
signals and included the auxiliary loop comprising REV-ERBα regulation on Bmal1. These studies 
manipulated a circadian mathematical model by Leloup and Goldbeter, incorporating lamin A 
regulation into 4 models that aimed to investigate potential feedback regulatory mechanisms to the 
molecular clock; the fourth model (lamin A regulating the translocation of PER:CRY into the nucleus) 
matched the experimental research generated in this thesis most closely.  
7.2 General Discussion of the Data Presented 
7.2.1 Rhythmic Lmna in musculoskeletal cells. 
The circadian clock ensures that the levels of proteins throughout the cell are present at the correct 
time-of-day, through regulating many pathways and processes these manifest as circadian rhythms 
in metabolism, physiology and behaviour. Functioning circadian molecular clocks have been 
identified across multiple tissues and are responsible for regulating tissue and differentiation-
262 
 
specific gene expression, which demonstrate rhythmicity (Andrews, et al., 2010; Gale, et al., 2011). 
Within the nucleus, lamin A is responsible for providing structural support to the nucleus, organising 
the genome, and regulating transcription factors, including regulators of signalling pathways 
involved in stress, mechanical stimulation, and muscle differentiation (Lammerding, et al., 2004; 
Ivorra, et al., 2006; Lattanzi, et al., 2012; Lee, Lee, and Shim, 2017; Gonzalez-Suarez and Gonzalo, 
2010). Given that the circadian clock plays an important role in the homeostasis of muscle and the 
regulation of muscle-specific genes, mechanosensitive and stress-response transcription factors, it 
was predicted that lamin A is also regulated by the circadian clock (Kon, et al., 2008; Andrews, et al., 
2010; Shavlakadze, et al., 2013).  
To begin investigating whether lamin A is regulated by the circadian clock, time-course samples were 
collected for analysis from a range of musculoskeletal cells. Oscillating Lmna transcripts were 
identified in circadian time-course samples collected from cell-line C2C12 myoblasts and myotubes, 
Per2::Luc primary isolated myotubes, and WT Gastrocnemius muscle, measured through qRT-PCR 
(Figure 3.1, 3.3, 3.12, 3.15, and 3.20). Moreover, oscillatory levels were identified in protein samples 
collected from these circadian time-courses, although less defined (Figure 3.2, 3.4, 3.13, and 3.16). 
Cosinor Periodogram circadian analysis was used to analyse the mRNA and protein traces; oscillatory 
traces for Lmna transcripts were in phase with the negative arm core clock genes (Refinetti, 2016). 
To further analyse transcript oscillation of lamin A, the next aim was to determine whether 
synchronised WT MEF cells also have oscillating Lmna expression, and investigate whether knocking 
out the core clock gene Cry1 and Cry2 impairs this oscillatory expression. Time-course data from WT 
MEF cells confirmed the oscillatory behaviour of lamin A (Figure 3.21). Furthermore, when Cry1 and 
Cry2 were knocked out in MEF cells, time-course data demonstrated that the oscillation in Lmna 
expression was lost and followed the pattern of Per2 expression (Figure 3.21). Although further work 
is necessary to confirm that lamin A is regulated by the circadian clock, this research supports the 
hypothesis that lamin A is a clock-controlled gene. In this regard, this highlights the importance of 
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considering temporal regulation by the circadian clock whilst completing research to decipher and 
understand the role of lamin A.  
7.2.2 Lamin A and molecular clock regulation 
The research in this thesis predicts that the pathogenesis of laminopathy disorders, which often 
have tissue-specific features, are partly due to dysfunctional circadian clocks that result from a loss 
of lamin A feedback regulation. The hypothesis is that lamin A and the circadian clock bi-directionally 
regulate one-another, forming a feedback loop. Since the discovery that lamin A mutations result in 
laminopathies, such as muscular dystrophy, there has been considerable interest and research 
around laminopathy pathogenesis (Ho and Hegele, 2019). Research has since focused on deciphering 
the role played by lamin A within the nucleus and understanding how these mutations can lead to 
the broad spectrum of diseases encompassed by laminopathies. Despite this interest, a clear 
understanding of laminopathy pathogenesis is yet to be uncovered. This research predicts that the 
current understanding is lacking the regulatory involvement of the circadian molecular clock in the 
roles played by lamin A, and the dependency of functioning circadian rhythms and in tissue-specific 
homeostasis.  
To investigate whether lamin A feeds-back to regulate the circadian clock, the levels of lamin A were 
perturbed within musculoskeletal cells and the response in circadian gene expression was observed. 
The expression of core clock circadian genes are regulated within the transcription-translation 
feedback loop; negative arm core clock genes (Per and Cry1) are expressed antiphase to the positive 
arm core clock genes (Bmal1 and Clock) (Griffin, et al., 1999; Kume, et al., 1999; Sato, et al., 2006). In 
this regard, the core clock genes are highly regulated and are expressed only at specific times of day. 
Therefore, if lamin A feeds-back to regulate the circadian clock, an overexpression or knockdown of 
lamin A should enhance or alleviate circadian clock gene expression repression or upregulation.   
The first aim was to investigate the effect of lamin A knockdown on the expression of the circadian 
clock genes. C2C12 myoblasts were knocked-down for lamin A by transfection with 5nM validated 
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siRNA, and this reduced the expression of circadian clock genes: Per1, Per2, Bmal1, Cry1, and Rev-
erbα (Figure 4.3). The next aim focused on whether overexpressing lamin A also impacts core clock 
gene expression. C2C12 myoblasts were transfected with 1µg lamin A plasmid and demonstrated a 
reduction in the expression of Cry1 and an increase in the expression of Per1, Per2, and Bmal1 
(Figure 4.11). 
Furthermore, to dynamically visualise the effects of lamin A manipulation of the circadian clock, 
C2C12 myoblasts were stably transfected with Bmal1::Luc reporter plasmid. Myoblasts with a stable 
Bmal1::Luc transfection were further transfected with lamin A siRNA or lamin A plasmid (Figure 4.17 
and 4.18). In the LumiCycle, the effect of lamin A knockdown and overexpression was observed in 
real-time to reduce and increase the expression of Bmal1, respectively; consistent with the previous 
results (Figure 4.19 and 4.20).  
These results support the research hypothesis that lamin A feeds-back to regulate the circadian 
clock. Highlighting a potential important link between the lamin A regulation and functioning 
circadian rhythms; a level of regulation previously overlooked in laminopathy research.  
7.2.3 The clock and mechanobiology 
The circadian clock is synchronised to its external environment through zeitgebers, including light, 
food-intake, and exercise. Exercise is sufficient to synchronise the master circadian clock in the SCN 
and the peripheral clocks in tissues, such as skeletal muscle (Yamanaka, et al., 2008). Currently, it is 
unknown how exercise can synchronise the molecular clock. Lamin A increases with tissue stiffness, 
it is responsible for structurally supporting the nucleus and regulating mechanosensitive responses 
to the nucleus (Swift, et al., 2013). Indeed, both the circadian clock and lamin A are involved in 
orchestrating the response of musculoskeletal tissue to mechanical stimulation; the research in this 
thesis predicts that these synchronisation signals to the circadian clock are communicated through 
lamin A.  
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The Flexcell machine, an in vitro cell culture loading system, was used to subject myoblasts and 
myotubes, from cell-line C2C12 and isolated primary Per2::Luc cells, to 6.66% strain for 24 hours. 
Primary myoblasts, isolated from Per2::Luc mice, responded to 24 hour Flexcell strain with an 
increase in Lmna expression, and a decrease in Cry1 expression; there was no change in the 
remaining clock genes (Figure 5.7 and 5.9). C2C12 myotubes subject to 24-hour Flexcell strain 
demonstrated an increase in Bmal1 and Cry1 expression but no change in the expression of Lmna or 
the remaining clock genes (Figure 5.11 and 5.13).  
Furthermore, an in vivo loading rig subjected the right hind limb of mice to cycles of loading, 
following acute or chronic protocols, and the response in gene expression was examined in 
Gastrocnemius and Quadricep muscle samples (muscle samples kindly available for collection from 
mice in a study conducted by Dr Blandine Poulet; Poulet, et al., 2011). qRT-PCR data from acute 
loaded male Gas and chronic loaded male Quad both demonstrated an upregulation in Clock 
expression; there was no change in expression observed in Lmna or the remaining circadian clock 
genes (Figure 5.24, 5.25, 5.26, and 5.27).   
This research supports the hypothesis that the expression of circadian clock genes are responsive to 
mechanical stimulation. This is consistent with previous research that identified exercise as a 
sufficient signal to entrain circadian rhythms in the peripheral clocks of mouse skeletal muscle (Wolff 
and Esser, 2012).  
7.2.4 Mathematical models to direct laminopathy and circadian 
biology research 
Mathematical models are an aid to facilitate wet laboratory work. Circadian models were developed 
to begin investigating the dynamics of circadian feedback loops and downstream gene regulation 
(Podkolodnaya, Tverdokhleb, and Podkolodnyy, 2017).  
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The first aim was to adapt a model from Leloup and Goldbeter; this model incorporates light:dark 
signals and includes the auxiliary loop whereby REV-ERBα feeds-back to repress Bmal1 (Leloup and 
Goldbeter, 2003). The model was adapted to include the production of lamin A mRNA, lamin A 
protein and lamin A dimers, and was manipulated to produce 4 variations of different potential bi-
directional regulatory relationship between lamin A and the circadian clock. In each of the 4 models, 
lamin A was upregulated by the BMAL1:CLOCK heterodimer so that it was a clock-controlled gene. 
The first model included lamin A negatively regulating the expression of Per (there is only one Per 
and one Cry component in the model representing both Per1 and Per2 genes, and Cry1 and Cry2 
genes, respectively); the second model included lamin A positively regulating the expression of Per; 
the third included lamin A tethering the PER:CRY complex at the nuclear periphery; the fourth model 
included lamin A regulating the translocation of PER:CRY into the nucleus from the cytoplasm. After 
generating these models, the circadian clock and lamin A gene expression and protein levels were 
simulated over 72 hours in COPASI.  
To test the 4 models and generate output data that could enable us to identify mechanisms that may 
appear more supported than others, lamin A was knocked out and overexpressed within each 
model. To observe whether this perturbs core clock cycling, each model was ran to simulate gene 
expression and protein levels over 72 hours. The output simulations from these models can be 
compared to laboratory data to identify potential pathways of regulation that should be further 
explored. When the models were compared with lab generated data from this thesis, Model 4 (lamin 
A regulating the translocation of PER:CRY into the nucleus) was the most promising. In response to 
the overexpression of lamin A in this model, Per, Cry, and Rev-erbα mRNA were up-regulated; 
myoblasts with an overexpression of lamin A also demonstrated an increase in Per1, Per2, and Rev-
erbα expression (Figures 6.20A., 4.11, and 4.14). In contrast, there was no change in gene expression 
when lamin A was knocked out, unlike C2C12 myoblasts with lamin A knockdown which 
demonstrated a repression in clock gene expression (Figure 6.21A., and 4.3). Further laboratory data 
can be generated to contribute to iterations of fine-tuning and improving of these models. This will 
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ultimately highlight regulatory pathways that closely align with laboratory produced data and hence, 
may be the mechanism responsible for lamin A and molecular clock bi-directional regulation. 
7.3 Clinical Relevance  
Currently, it remains unclear how laminopathy disorders progress from mutation to phenotype 
despite much interest and research focused on clarifying the pathogenesis pathway in the 
development of the disease. Muscular dystrophy has no cure and the only treatment option 
currently available aims at reducing the symptoms and slowing the progression of the disease (Brull, 
et al., 2018). Lamin A is responsible for many different roles within the nucleus, these roles can be 
grouped into and support the “gene expression” or “mechanical stress” hypotheses, or both 
(Worman, 2012). The research hypothesis for this thesis predicts that the circadian clock is of vital 
importance in the development of these disorders, and that lamin A and the circadian clock 
feedback to bi-directionally regulate one another. In this regard, in laminopathy diseases, it is 
predicted that the circadian clock is disrupted in response to lamin A mutations and contributes to 
the tissue-specific pathogenesis observed across laminopathy disorders. 
To treat and alleviate laminopathy disorders, it is required that the precise pathway leading to 
disease formation is understood. To dynamically understand lamin A in the nucleus, the research in 
this thesis indicates that circadian rhythms have to be studied also. Uncovering the lamin A and 
circadian clock regulatory pathway will facilitate future studies exploring pharmacological 
intervention and potential effective treatment options. 
7.4 Limitations 
The limitations of this project included the lack of available antibodies directed to circadian clock 
proteins, and the success of the lamin A antibody to study LMNA protein from mouse tissue 
samples. With circadian antibodies available, lamin A protein oscillations could have been compared 
to core clock protein oscillations from circadian time-course samples. Their availability would further 
the analysis of lamin A oscillations through comparing whether lamin A protein is also in 
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synchronisation with core clock proteins of the negative arm. Additionally, if lamin A antibody 
suitable to study LMNA protein from mouse tissue samples was available, it would have facilitated 
the analysis of LMNA protein from the murine dark: dark circadian time-course, and the 
Gastrocnemius and Quadricep samples from the in vivo loading study. 
A further limitation was the opportunity to collect additional animal model tissue samples for 
circadian time-course data analysis. Further in vivo analysis of lamin A mRNA cyclical behaviour in 
murine samples under light: dark conditions, and across different types of muscle tissue, would have 
provided an interesting comparison to the dark: dark time-course analysed in Chapter 3.  
Additionally, the Flexcell machine subjected musculoskeletal cells to in vitro strain through vacuum-
induced pulling of a silicone membrane, seeded with the musculoskeletal cells, either side of a 
loading post, applying strain across the membrane. A limitation of this study was that this machine 
generates non-uniform, heterogeneous strain across the membrane (Delaine-Smith, et al., 2015). 
The cells seeded onto the membrane that remained on the loading post during loading experience 
different radial and biaxial strain fields compared to those seeded onto the areas of the membrane 
that were pulled concave and off the loading post (Vande Geest, et al., 2004).   
Finally, the in vivo loading model used to study the response of the circadian clock to mechanical 
loading in murine muscle, in Chapter 5, was part of a study observing osteoarthritis (OA) in the 
murine joint. This model applied load to the murine hind knee joint to initiate and observe OA 
development. A limitation of this in vivo model is the limited knowledge of the degree in which the 
skeletal muscle of the loaded hind limb will experience strain, and a resultant biological response, in 
response to the acute and chronic loading protocols.  
7.5 Future Studies 
There are a number of potential future studies that may be used to further investigate the findings 
in this thesis.  
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7.5.1 Lamin A is a CCG 
Our data provides evidence for oscillating lamin A mRNA expression and protein levels in 
musculoskeletal tissues. To conclude that lamin A is a circadian clock-controlled gene further studies 
are required to identify lamin A up- or down-regulation by a core circadian clock protein. These 
studies may include ChIP-seq, EMSAs, and promoter mutation studies with a reporter construct 
(Elnitski, et al., 2006). These experimental techniques can provide data to identify core or auxiliary 
clock proteins that may bind to and regulate the lamin A promoter. Furthermore, future data may 
show that abolishing this regulation results in a loss of oscillatory Lmna transcript expression due to 
a loss of clock gene regulation.  
Currently, the mathematical models are designed with BMAL1:CLOCK heterodimer upregulating the 
expression of Lmna. mRNA circadian time-course data analysed in this thesis indicated that lamin A 
oscillation is in phase with the negative arm core clock genes, supporting this hypothesis. Data 
uncovering which protein within the molecular clock up- or down-regulates lamin A, and by what 
mechanism of interaction, would enable us to improve the models, and assist in future 
investigations into feedback mechanisms by lamin A that regulate the molecular clock.   
7.5.2 Lamin A and Circadian Feedback Regulation 
In order to confirm the relationship between lamin A and the musculoskeletal molecular clock, 
future work may include investigating the effects of loss-of and gain-of lamin A function on clock 
gene expression and temporal dynamics in C2C12 differentiated myotubes. In comparison to lamin A 
manipulation experiments in myoblasts, this study would enable the observation of whether the 
effect on clock gene expression is more profound in differentiated myotubes compared to 
undifferentiated myoblasts. In addition, further experimental data are needed to identify 
mechanisms of regulatory interaction between lamin A and any potential core clock gene promoters 
or transcription factors. Future studies to investigate this potential regulation may also utilise ChIP-
seq, EMSAs, FISH, and promoter mutation studies with a reporter construct to study whether lamin 
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A regulates core clock gene promoter expression (Elnitski, et al., 2006). To observe whether lamin A 
regulates circadian transcription factor location or activity, experiments may include studies 
investigating whether circadian transcription factors and lamin A interact at the nuclear periphery. 
Experiments may include yeast two-hybrid screening, utilising circadian protein and lamin A 
antibodies to study protein location around the clock, or co-immunoprecipitation (Stasi, Luca and 
Bucci, 2015). 
Theses experimental studies will facilitate the identification of interactions between lamin A and the 
circadian clock, aiding the discovery of regulatory feedback pathways. As further experimental data 
are developed to identify gene or protein interactions, the lamin A and circadian clock mathematical 
model can be adapted to include any supported molecular interactions. Future iterations to develop 
the mathematical model will facilitate the refining of laboratory work to explore pathways of 
particular interest. This will accelerate research exploring feedback pathways between lamin A and 
the circadian clock. 
7.5.3 Lamin A, Mechanobiology and the Clock 
The work in this thesis supports the hypothesis that the circadian clock is responsive to mechanical 
stimulation. Further research may include incorporating a different in vivo model in which mouse 
muscle will experience high proportions of mechanical strain. A future study may include exercising 
mice on a forced treadmill (Sasaki, et al., 2016). Through the collection of different muscle samples 
and analysis of circadian clock gene and protein levels, it can be observed whether the circadian 
clock is responsive to mechanical strain, exerted through exercise, across different muscle samples. 
In addition, the response of circadian clock gene and proteins levels can be compared when forced 
exercise is subject to mice at different times of day and for different periods of time.  
Furthermore, once a suitable in vivo model is identified, future research may aim to investigate 
whether the circadian clock response to in vivo mechanical strain is altered in a mouse model of 
muscular dystrophy. Mice such as the transgenic LmnaH222P/H222P mice exhibit pathologies similar to 
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human striated muscle laminopathies and demonstrate skeletal muscle degeneration (Arimura, et 
al., 2005). These mice would make a useful comparison to wild type mice after subjecting them to 
forced exercise on a treadmill. If the cycling of the molecular clock responds differently to 
mechanical strain within these mice, this will support the research hypothesis that lamin A and the 
circadian clock exhibit bi-directional regulation, and that this pathway of regulation is utilised to 
communicate mechanosensitive information and signals to the circadian clock.  
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9 Appendix  
Table 9.1. Variables within the ODE equations and the concentration represented by each variable.  
 
Variable  Variable concentration 
Mb Bmal mRNA  
Bc BMAL in cytoplasm 
Bcp Phosphorylated BMAL in cytoplasm 
Bn BMAL in nucleus 
Cc CRY in cytoplasm 
Mc Cry mRNA 
Ccp Phosphorylated CRY in cytoplasm 
Mp Per mRNA 
Pc PER in cytoplasm 
Pcp Phosphorylated PER in cytoplasm 
PCc PER:CRY in cytoplasm 
PCcp Phosphorylated PER:CRY in cytoplasm 
PCn PER:CRY in nucleus 
Bnp Phosphorylated BMAL in nucleus 
PCnp Phosphorylated PER:CRY in nucleus 
In Inactive complex between PER:CRY and CLOCK:BMAL in the 
nucleus 
Mr Rev-erbα mRNA 
Rc REV-ERBα in cytoplasm 
Rn REV-ERBα in nucleus 
Lm LMNA 
Lm_Lm Lamin A dimer 
mLm Lmna mRNA 
Lm_LmPCn (model 3 only) Lamin A dimer bound to PER:CRY (sequestering complex) 
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9.1 Model 1: lamin A repress Per ODEs 
 
303 
 
 
 
304 
 
 
305 
 
 
9.2 Model 2: lamin A upregulate Per ODEs 
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9.3 Model 3: lamin A regulate PER:CRY localisation ODEs 
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9.4 Model 4: lamin A regulate PER:CRY translocation ODEs 
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